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ABSTRACT 
 
Many materials require functionally graded cellular microstructures whose porosity (i.e. 
ratio of the void volume to the total volume of a material) is engineered to meet specific 
requirements and for an optimal performance in diverse applications. Numerous 
applications have demonstrated the potential of porous materials in areas ranging from 
biomaterial science through to structural engineering. Polymeric foams are an example of a 
cellular material whose microstructure can be considered as a blend of material and non-
material zones. 
While a huge variety of foams can be manufactured with homogenous porosity, for 
heterogeneous foams there are no generic processes for controlling the distribution of 
porosity throughout the resulting matrix. Motivated by the desire to create a flexible process 
for engineering heterogeneous foams, this work has investigated how ultrasound, applied 
during some of the foaming stages of a polyurethane melt, affects both the cellular structure 
and distribution of the pore size.  
After reviewing the literature concerning foam chemistry, ultrasound and sonochemistry, 
series of experiments were performed that used an ultrasonic field created by a sonotrode 
irradiating in a water bath containing a strategically placed vessel filled with foaming 
reactants. Prior to this, the acoustic field in the bath had been accurately mapped so that the 
acoustic pressure conditions within the foam container were known. 
During the foam polymerisation reaction, the acoustic pressure in the water bath varied 
causing the bubbles to pulsate in a state of ‘stable cavitation’ (i.e. rectified diffusion). This 
pulsation of the bubbles pumped gas from the liquid to the gas phase inducing them to 
increase in volume. The eventual solidification resulted in a porous material with a cellular 
structure that reflected the acoustic field imposed upon it.  
The experimental results revealed how the parameters of ultrasound exposure (i.e. 
frequency and acoustic pressure) influenced the volume and distribution of pores within the 
final polyurethane matrix: it was found that porosity varies in direct proportion to both the 
acoustic pressure and the frequency of the ultrasound signal.  
The effects of ultrasound on porosity demonstrated by this work offer the prospect of a 
manufacturing process that can control and adjust the cellular geometry of foam and hence 
ensure that the resulting characteristics of the heterogeneous material match the functional 
requirements. 
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CHAPTER 1. INTRODUCTION 
1.1 Background  
Nature provides good examples of heterogeneous materials: e.g. wood, a composite of 
fibrous cellulose in a matrix of lignin; bone, calcium phosphate mineral of a functionally 
graded porosity reinforced by collagen fibrils; silk, chains of entangled monomers. Since 
the earliest times, humans too have devised manufacturing processes that allow the 
advantages of mixing materials to be exploited. Bricks (made of mud and reinforced with 
straw for construction purposes), paper (a matrix of cellulose microfibres) or pottery 
(ceramic utensils for cooking whose porous structure permits thermal insulation) are 
illustrations of the pre-industrial uses of heterogeneous materials.  
More recently, engineers have also recognised [1] that the performance of materials can be 
dramatically improved if their composition and structure are varied to match precisely their 
functional requirements. Such heterogeneous materials have engineered gradients of 
composition, or structure, which offer superior performance over traditional homogeneous 
materials. Indeed, heterogeneous materials frequently demonstrate dramatic synergy, with 
their overall performance being far greater than a straightforward sum of the individual 
constituents. These types of materials offer great promise in fields where a high 
performance technology or active functionality is required (e.g. biomaterials, aerospace) 
because their nature offer the possibility of a composition where different substances can be 
blended, mixed, shaped or assembled to form components for optimal performance. 
Today ‘heterogeneous material’ is an umbrella concept that includes functionally graded 
materials (FGMs), composites and objects with engineered microstructure (Figure 1). [2] [3] 
 
 
 
 
 
 
Figure 1: Three types of heterogeneous materials 
Perhaps the best known examples of heterogeneous materials are the advanced composites 
(e.g. glass-fibre or carbon-fibre reinforced polymers, dental composites, aramid-fibre 
(a) Functionally Graded Material 
(Courtesy Nanyang Tech Uni, Singap.) 
(c) Microstructure [3] (b) Composite [2] 
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reinforced concrete, etc) [4]. However, increasingly engineers are seeking to imitate natural 
materials with artificial cellular structures whose structure and internal architecture has a 
direct impact on their mechanical and biological behaviour [5].  
But the enormous difficulties of designing and forming such complex materials using 
traditional manufacturing methods has so far prevented their widespread use in engineering 
applications. Indeed, despite the need for heterogeneous materials (in fields such as thermal 
and microelectronic technology, filtration, drug release, tissue engineering, and biomaterial 
fabrication of scaffolds and orthopaedic implants), the digital technologies that support the 
design and manufacture of these components are only nascent.  
While the advances of 3D modelling and manufacturing technologies (CAD/CAM) have 
been remarkable [6], there are few viable methods for translating digital representations of 
heterogeneous materials into physical objects with gradients of composition, structure and 
resulting physical properties. The challenges for bridging the gap between heterogeneous 
materials modelling and manufacturing involve the following: 
1. The manufacturing technology should enable broad digital specifications of the 
material properties (e.g. porosity) in order to generate materials automatically, 
without the need for exhaustive specifications of every detail of the geometry or 
composition involved.  
2. Most of the manufacturing processes reported in Chapter 2 involve phase change 
(i.e. solid to liquid or vice versa, powder to solid, etc). Yet the digital 
representations describe only the end result; models are clearly required to also 
support temporal modelling of manufacturing processes. 
3. Details of fabrication processes for heterogeneous materials require better 
modelling to account for physical processing phenomena such as shrinkage, pore 
geometry deformation, misalignment, cracks, etc. 
4. A myriad of features and differing dimensional scales have to be considered when 
modelling a heterogeneous material. Physically-based material representations (i.e. 
defining material compositions and distributions within an object) and physically-
based property representations (i.e. defining the distributions of physical and 
mechanical properties within a shape) are pillars for the definition of a geometric 
complexity. The amount of data required to support many of the heterogeneous 
material representations present challenges for PC based systems. [7] 
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(a) Natural sponge [7] (b) Metallic Foam, (Courtesy ERG 
Aerospace, USA)
(c) Cross-section of a dinosaur bone 
(Courtesy Dr A.MacRae, Univ of Calgary, Canada)
 
Figure 2: Examples of cellular materials 
This thesis is primarily concerned with the first of the above problems in the context of 
cellular structures, although its solution impacts on the other three. More specifically, how a 
cellular solid can be manufactured in such a way that its final form is digitally controllable 
for an ‘ad-hoc’ application. Such materials could have a variable porosity (Figure 2), where 
the local properties can be calculated or systematically measured (i.e. instead of using 
averaged values).  
Among the possible methods for manufacturing cellular materials, there are: 
1. Growth and mineralisation, processing routes similar to those mineralised tissues 
found in nature, e.g. bones, teeth, shells, sponges, reef corals, etc. 
2. Layered manufacturing: where successive 2D layers of the same or different 
material are spread on top of each other after a binder or heat has been applied to 
the binding or curing path. A 3D object is then built layer by layer from the bottom 
to top.  
3. Mould and gel casting: an ‘in-situ’ polymerization of monomers that are the setting 
mechanism for forming a green body or mould that will be used as solidifying 
pattern for another material. As reported in Chapter 2, this technique is broadly used 
in the production of bone scaffolds and tissue engineering. 
4. Low-pressure injection moulding and extrusion: this manufacturing process 
originates discontinuities in the bulk of the material due to the provoked sudden 
decays of pressure. It is of wide use in the fabrication of parts of the automotive 
industry and also in food technology. Variants to this method are emulsification and 
phase separation. 
5. Particulate leaching: when porogen particles (e.g. salt, granules, etc) are blended 
with the material and the mixture sintered. Once dissolved and washed out, they 
leave interconnected pores or channels in the composite structure.   
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6. Foaming: a reactant liquid can be injected with high pressurised gas during its 
solidification. When the viscous mixture is depressurised, the gas molecules 
abandon the viscous polymer, resulting in a sponge like structure. The majority of 
solid foams are fabricated with this process. Alternatively, for a solid, the reactant 
can be subjected to a high pressure (inside a chamber) which is gradually restored to 
atmospheric levels. During this procedure, pores are formed in the solid by the gas 
filtration into the solid.  
Most of these methods have only been used for small-scale production of materials with 
graded density and have not been put into practice at industrial scale. Of these possible 
methods, foaming appears to offer the best prospect for a fast, flexible (i.e. generic) 
approach to manufacture of variable porosity materials. Among the different types of foams 
and after careful review of the alternatives, polymeric foams were chosen for this research.  
1.2 Polymeric foam, a heterogeneous material 
A polymeric foam is a particular example of a heterogeneous material, since it is composed 
of at least two phases, one (or more) solid, plus voids whose size and distribution can be 
varied. 
Polymeric foam materials have demonstrated great application potential in a myriad of 
fields (biomaterials, tissue engineering, structural mechanics, etc) because of their lightness, 
low density, chemical inertness, high wear resistance, thermal and acoustic insulation [8]. 
They can be used to seal, cushion, filter, wick, insulate, absorb impacts or support loads. 
Playing the role of high-performance structural materials, they can perform and withstand 
severe environmental conditions, high acceleration and vibration loads, operate under high 
pressure and have high axial stiffness. This kind of versatility makes foam exceptional as a 
design material.  
Moreover, they have compositional similarities with natural bone and, some of them, a 
certain level of bioresorbability1. Foam core materials offer weight minimisation, 
potentially improving the patient’s tolerance to an orthopaedic implant, which is no longer a 
heavy piece of solid metal. This foam core implant can be designed with functionally 
graded porosity to suit the mechanical requirements and tailored to optimally match the 
                                                          
1 A bioresorbable material is one easily disposable after use, as they are designed to decompose after a certain period of time, when 
exposed to light, to aerobic or anaerobic processes. In surgery, these materials remove the need for secondary operations after 
fulfilling their intended purpose, as happens with metal temporary implants. 
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patient’s characteristics. On the other hand, polymeric foams offer the possibility of being 
blended with ceramic or metal to form polymer-ceramic/metal composites that overcome 
the disadvantages of a pure polymeric foam artefact (e.g. poor mechanical strength, short-
lived nature, rapid degradability, etc).  
Graded porosity artefacts would represent a major advance on the multilayer panels or 
composite structures shown in Figure 3. Figure 3a shows the cross-section of a series of 
panels containing sound absorbing materials that are often used for vibration and noise 
control of mechanical and architectural structures [9]. Sandwich-structured composites used 
in impacts and absorption of vibration also contain one part of foamed core in between two 
parts of denser material. For these applications, different types of absorbing materials have 
to be stacked (i.e. glued) in different types of multilayer configurations in order to reach 
performance specifications. To date, controlled graded porosity (Figure 3b) has been 
achieved only by the adhesion of different architecture scaffolds that present discontinuities 
that should be avoided for an optimum functionality when used in tissue engineering.  
 
 
 
 
 
 
Figure 3: Heterogeneous materials with discontinuous boundaries (a) Multilayer panel [10]; (b) Graded 
porosity prototype [11] 
To the author’s knowledge, no existing production process enables the additive-free 
manufacture of foams with continuous porosity gradation. The use of surfactants as well as 
the presence of boundaries is not acceptable in certain applications of structural materials 
(e.g. high temperature/pressure vessels) or bio-materials (e.g. in-vivo scaffolds, orthopaedic 
implants). It appears that no suitable porosity tailoring agent that can fulfil the hygienic, 
chemical and thermal conditions for functionally grading a biomaterial and shape its micro 
and macro structure at the users’ request is available at present. A significant breakthrough 
innovation would be one that allows the control of density in the final structure without the 
use of any surfactant or solvent. 
(a) (b) 
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1.3 Ultrasound as porosity tailoring agent 
Properties of foamed plastics are determined by the properties of the polymer base and the 
gases filling its cells and by the morphology of its cellular structure. Properties of plastic 
foams are considerably affected by the polydispersity and inhomogeneity of their structure 
in the bulk. All these properties greatly depend on the process parameters and the 
intermediate stages in the fabrication process of foam plastics.  
The established ways of altering porosity in polymeric foams, some of which are surveyed 
in more detail in Chapter 2, are: 
1. Heat treatments, when condensation of trapped gas can be controlled.  
2. Pressure changes, evacuating gas from the mixture in order to increase density.  
3. Chemical additives (i.e. surfactants and catalysts). 
4. Physical blowing agents (i.e. pressurised gas). 
5. Ultrasound, so far used to degas liquid mixtures.  
After review of the options, the porosity-tailoring agent investigated in this study was 
ultrasound, because other techniques were less successful, convenient and/or practical for 
experimental purposes.  
The advantages of ultrasound versus other potential methods (e.g. layered manufacturing 
based or lab synthesis with porogen agents) are: 
? unlike foaming agents, the apparatus producing ultrasonic irradiation does not need 
to be in direct contact with the product to be foamed (hygienic and sterilised 
environments; ideal for the fabrication of implants), being, in principle, a ‘treatment 
without touching’. 
? it is not chemically invasive (there are no coatings or chemical stabilisers to be 
added in the post-processing) and is also solvent-free. 
? biomaterials manufactured using this technology are not likely to encounter 
legislative difficulties (e.g. toxicity, etc). 
? any foam whose forming process involves gas dissolved in a liquid at the initial 
stage can undergo cavitation due to the ultrasound applied while the nucleation, 
growth and stabilisation of bubbles in the mixture. 
? the working temperature of the foam production process is dictated by the material 
to be foamed, not by the fabrication process (e.g. manufacturing process). 
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In conclusion, control of the pore size distribution in the final product is one of the most 
important aspects in the manufacture of heterogeneous materials. Ultrasound and its 
interaction with the foaming process of a melted polymer provides a promising starting 
point for the manufacture of heterogeneous polymeric foams, with controlled porosity and 
structure customisation by means of ultrasonic irradiation at pre-determined stages of the 
reaction (Figure 4). 
(a)   (b)   
Figure 4: Polymeric foams generated (a) without and (b) with ultrasonic irradiation 
 
1.4 Aims and Objectives 
The thesis for this research work states that “measured application of ultrasound to 
polymeric melts undergoing foaming can be used to tailor the porosity of the resulting 
polymeric matrix, and so customising the gradation of porosity”. 
In other words, the motivation of this research was to explore a novel technology that could 
offer the opportunity to fabricate artefacts of a material that contains intrinsic properties 
tailored for function. This new manufacturing method for heterogeneous cellular materials 
would allow the design of functionally graded porosity through measured and localised 
application of ultrasound during the formation process of the material. 
The following aims are inherent in this thesis: 
1. Establish the relevant theoretical mechanisms (i.e. underlying physics and 
chemistry) of foamed materials. 
2. Establish the feasibility as a manufacture process by setting the boundaries, in 
particular, for the operating range of the process variables. 
1cm 1cm 
22 
A wide range of polymeric materials are suitable for foaming and available in the market. 
However, polyurethane has been the foam mainly used in this study2 due to its broad 
application in both structural and bioengineering fields and its availability from stockists. In 
particular, polyurethane foam is used in blood-contacting applications (e.g. catheters, heart 
assistant pumps, etc) due to its stability over long periods of time, tolerability, and good 
physical and mechanical properties. Polyurethane foams have been proposed for use as a 
potentially useful matrix for bone-substitute compounds [12], but the porosity-
customisation issue (necessary for living cell seeding and attachment, from the biological 
point of view, and the ability to withstanding external applied loads) is still unresolved. 
Therefore, the objectives that this research work pursued are:  
1. Verify experimentally the proposed mechanisms of ultrasound as porosity tailoring 
agent for polyurethane. 
2. Establish the feasibility of tailoring the porosity of polyurethane foams through the 
application of structured acoustic fields.  
1.5 Contribution to knowledge 
The aim of this work is twofold: to contribute to the knowledge of the basic mechanisms 
involved in an acoustically influenced foaming process in a polymeric mixture, and to 
interpret the impact of ultrasound on the structural characteristics of the solidified porous 
matrix and the different ways in which the ultrasound can interact with the polymeric 
mixture undergoing foaming.  
The suitable manipulation of the position of the foaming polymeric matrix within a 
controlled sonicated field (i.e. with known acoustic pressure amplitude) permits the 
tailoring of the bubbles (i.e. cells) to a desired size. In the experiments, polymeric melts 
were irradiated with ultrasound of variable intensity at critical points during the foaming 
process. These bubbles solidified, leading to a porous material with an engineered cellular 
structure. This was achieved through a precisely measured and localised application of 
ultrasound. The porosity distribution was also studied using a specially written MatLab™ 
application for assessing the graded porosity of these heterogeneous materials.  
 
                                                          
2 Other foams, such as PDMSs, are examples for application of porosity gradation in Chapter 5, where results on porosity 
tailoring are presented and discussed in Chapter 6. These examples have been extracted from the report that summarises the most 
relevant findings for the feasibility study produced in 2006 for AWE plc.  
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Figure 5: Polymeric foam irradiated from right hand-side 
The structure of a foam is characterised by the size and wall thickness of cells in the bulk 
material (Figure 5, note the variation in wall thickness from right to left). These features are 
the result of many factors (e.g. temperature, pressure, reactants concentrations, etc) several 
of which can be affected by ultrasonic irradiation. The preparation procedures of these 
foams are presented in Chapter 4, and Chapter 5 presents the results, where direct 
correlations between porosity and sonication conditions can be seen.  
It was found that bubble enlargement only occurred when melts undergoing foaming were 
irradiated within a distinct range of acoustic pressures. Lower magnitudes of sound applied 
to the liquid mixture had no visible effect on the cellular structure, and values above the 
operational range provoked degassing of the melt and, to a large extent, collapsed the 
growing foam (i.e. side effects of ‘transient cavitation’ effects, when bubbles grew rapidly 
to a non-equilibrium size and then imploded, provoking polymeric cellular collapse through 
the breaking of polymer chains). For this work, selective foam growth was the goal, so 
experimental conditions were controlled in such a way that the acoustic intensity fell 
between the lower and the upper threshold. 
Within a range of acoustic pressures that favoured stable pulsation for the bubbles in the 
polymeric matrix, and for a fixed value of frequency, the porosity of the samples was found 
to increase with the amplitude of the signal. It was also observed that pore size increased 
with frequency and the average amount of gas contained in the bubble during the reaction 
increased proportionally to the frequency of the ultrasonic signal applied: a higher pulsation 
rate resulted in more rectified mass transfer per ultrasonic cycle. 
However, there were also matrix homogenization effects observed near the transition from 
‘stable’ to ‘transient cavitation’ where the magnitude of the acoustic field was sufficient to 
make changes to bubble size but not to cause coalescence.  
The high values for porosity, when stable cavitation was established, were caused by the 
formation of larger pores when the mixture was still a quasi-liquid. Under normal (i.e. non 
irradiating) conditions, during the cross-linking of the monomers, a ‘diffusion controlled 
Cell window 
Wall thickness 
1 cm 
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growth’ mechanism (i.e. exchange of gas/vapour from bubble to bubble) evolved with the 
increase of viscosity into a ‘stress controlled growth’ until large viscosity values limited 
further enlargement. It is believed that, when the irradiation took place during the 
‘sensitive’ phases of the reaction, acoustic pulsation enhanced the diffusion of gas and/or 
vapour into the bubbles from the matrix. Furthermore, it maintained lower values of 
viscosity for longer periods of time, hence delaying the viscoelastic stresses that could 
suppress the stretching motion in the latter stages of foam formation. In this way, ultrasonic 
irradiation is thought to sustain the flexibility of the cavities’ walls and so decreased the 
probability of collapsing events within the neighbourhood of bubbles. During the final 
stages of the reaction, growth was halted by the rigidity of the cavities’ walls and ultrasound 
shown no effect if applied at these latter stages. 
The conclusion of the research is that there is a strong correlation between acoustic power 
and pore size distribution in the final solidified foam. Consequently, this study has allowed 
an understanding of the interaction between ultrasound and a foaming process to be 
developed. Therefore, the consequences of a particular pattern and strength of irradiation 
can be assessed by the measurement of the porosity. This information, when fed-back to the 
system, results in a more accurate tailoring for porosity gradation.  
Foam irradiation in an ultrasonic field has proved itself to be an effective means to modify 
and control the pore size distribution in a final porous foam. This new polymer 
manufacturing technology would be particularly useful in biomimetics applications where 
biological micro-structures require inhomogeneous cross-sections to achieve particular 
functional, or structural, properties. The ability to control porosity would enable a variety of 
biomedical applications, ranging from the development of cell scaffolds to improved 
filtration, and drug release devices.  
1.6 Thesis structure 
This thesis is presented in eight chapters, the contents of which are briefly described below: 
Chapter 1 is a brief introduction to the concept of heterogeneous materials. The objectives 
of the work are identified and a description of the claimed contribution to knowledge 
resulting from this research is given. In Chapter 2, the literature review assesses the ‘state-
of-the-art’ in the manufacturing of heterogeneous materials, introduces some aspects of 
sonication as porosity-tailoring agent for polymeric foams along with a brief description of 
the cavitation phenomenon. Chapter 3 introduces the experimental hypothesis and outlines 
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chemical and ultrasonic principles underlying the sonicating process described. The 
methodology used is presented in Chapter 4, which details the experimental procedure, its 
success and limitations, before Chapter 5 presents the results. Chapter 6 discusses the wider 
significance of the findings before some conclusions are drawn. Chapter 7 summarises the 
main results of the research work with reference to the objectives presented in Chapter 1. 
Finally, in Chapter 8 some comments and suggestions for future work are made. 
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CHAPTER 2. LITERATURE REVIEW 
Researchers across a wide spectrum of applications (e.g. biology, biomaterial and material 
science, rapid prototyping, chemical and mechanical engineering, etc) have reported various 
methods for the manufacture of a group of advanced materials that can be broadly classified 
as ‘heterogeneous materials’. This chapter provides an overview of the diverse origins of 
these materials and the manufacturing methods used to create them. The survey identifies 
cellular materials as having particular promise but draws attention to the fact that they 
currently lack the flexible manufacturing processes. In support of the thesis identified in 
Chapter 1, the later sections of this chapter also review cellular polymeric foams and 
ultrasound effects and applications.  
This review is divided into two main subjects: 1. manufacturing of heterogeneous materials, 
purposely including polymeric foams, and 2. sonication effects of ultrasound. As the 
motivation for this work is the manufacturing of polymeric cellular structures with 
engineered porosity by sonication, this review considers in more detail the emerging field of 
fabrication of heterogeneous materials. After the assessment of the ‘state-of-the-art’ in 
heterogeneous materials and the manufacturing routes that have been reported recently, the 
potential porosity-tailoring agent, ultrasound, is also reviewed along with other applications 
for which it is used, in order to set the context. The survey continues with ultrasonically 
induced processing of polymeric foams and the effects that ultrasound has been shown to 
have on the bubble dynamics. Scientific study would not be possible without an adequate 
method to measure, analyse, assess and compare porosity and porosity distribution within 
the cellular structure of the sonicated polymeric foams produced in this work. The methods 
appearing in the literature for determining porosity in cellular architectures are surveyed in 
the final section of this chapter.  The navigation chart offered in Figure 6 illustrates the 
structure of chapter 2. At the end, a brief discussion pulls together all the topics covered and 
refocuses the argument on porosity tailoring of polymeric foams with ultrasound. 
2.1 Heterogeneous materials 
Heterogeneous components can be made of a single material with varying structure (e.g. 
porosity) or multiple materials whose proportions change throughout the body. Frequently, 
these mixtures demonstrate dramatic synergy, with the overall performance of components 
being far greater than a straightforward mix of the individual constituents. Such types of 
materials offer great promise in fields where a high mechanical performance or active 
functionality (i.e. functional materials) is required (e.g. bio-engineering, aerospace) and 
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they offer the possibility of substances that can be blended, mixed, shaped or assembled to 
form optimum components.  
The motivation for the production of these distinct classes of heterogeneous materials arises 
from differing applications: 
? Functionally Graded Materials (FGM) [13] are commonly used to join two different 
materials without stress concentration at their interface. Designers aim to define such 
gradations in properties from one portion to another by determining an appropriate material 
composition at every point in the body. For example, [14] describes a ‘two graded’ FGM 
formed from a copper-nickel mix that was to be fabricated to optimize properties that 
neither metal could offer individually. 
? Composite Materials consist of one, or more, discontinuous phases, distributed 
throughout one continuous phase. The continuous phase, the matrix, is in many cases resin, 
ceramic or metal. The discontinuous phase, called reinforcement or inclusion, may be 
fibres, particles or voids. Reinforcement is used to improve certain properties of matrices, 
such as stiffness, behaviour with temperature and resistance to abrasion. [15] cites the 
example of a two-constituent metal/ceramic composite which is engineered to cope with 
different extremes of temperature at either end (hot and cold).  
? Engineered Microstructures are small in comparison with the overall dimensions of the 
component (e.g. foams or other cellular structures). The effective properties of these 
materials are determined by the topology of their cells and the properties of the constituents. 
An important group of these are the so-called periodic microstructures, which are described 
by their base cells, which are the smallest repetitive unit of material and generally 
comprises of a material phase and a void phase [16].  
 
28 
Ultrasonic irradiation
Cavitational effects 
Sonochemistry  
(Transient Cavitation) 
Sonoluminiscence Contamination 
remediation 
Physical effects  
Mass transport and 
diffusion  
Structural and thermal 
effects 
Mixing and Degassing 
Stable Cavitation on 
foaming melts 
 
Sonication of 
Polymeric Foams 
for Porosity 
Tailoring
Heterogeneous 
materials 
Fabrication methods
Functionally Graded 
Materials (FGM) 
Engineered 
microstructures 
Composites 
 
 
Periodic structure 
 
Non-periodic 
structure 
Cellular Solids
 
POLYMERIC 
FOAMS 
Porosity 
measurement 
techniques 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Literature survey navigation chart
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2.2 Manufacturing Methods for Heterogeneous Materials 
This section reviews manufacturing processes for heterogeneous materials. In order to 
provide a broad overview of these technologies, both automated and manual, manufacturing 
processes are reported across a wide variety of disciplines and application domains. The 
following sections group these methods by the class of material they are able to generate 
(i.e. FGMs, Composites, Microstructures). 
2.2.1 Methods for fabrication of FGMs 
Of all the heterogeneous materials proposed, FGMs have the largest range of viable 
manufacturing technologies already established or demonstrated. Nearly all of these arise 
from powder-based Layered Manufacturing (LM) systems developed to support Rapid 
Prototyping techniques (RP). Heterogeneous solid modelling has been increasingly gaining 
the attention of researchers in the last five years, but it is important to point out that the 
heterogeneous object fabrication capability is not widespread in current LM systems [17]. 
Here, the methods for fabrication of FGMs are classified into three groups, depending on 
the mechanism used for the powder to become a solid: 
1.  Solidification. Raw material (i.e. powder or resin) is spread and then fused through 
melting or chemical reaction 
2.  Deposition. Powder or plastic is melted as/during its deposition. 
3.  Binding. Powder is glued 
Solidification and deposition are suitable for metals, ceramics and polymers. Binding is 
only used, so far, for ceramic and polymers, although research is ongoing in this area.  
Essential LM systems are used to fabricate FGMs and other multi-material objects by 
selectively depositing various materials in a point-wise fashion under computer control 
[17]. The common feature for all of them is that the manufacturing process requires a 
nozzle (i.e. “tool”) path and a specification of deposition mix at every point. These systems 
allow direct fabrication, without tooling, fixturing and other peripheral activities so making 
it possible to go from a computer-aided design (CAD) model to the physical object in a 
short time. The part geometry is typically decomposed into an intermediate representation 
(e.g. layers) prior to fabrication. Then, the information is fed to a computer which drives the 
tool that will manufacture the object after successively stacking up all the layers. 
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2.2.1.1 Solidification 
Selective Laser Sintering (SLS) is a layer-by-layer manufacturing technique. The basic 
material consists of powder with particle sizes of the order of magnitude of 0.1-100 µm. 
Successive powder layers are deposited on top of each other. After deposition, a computer 
controlled CO2 laser beam scans the surface and selectively binds together the powder 
particles of the corresponding cross section of the product. During laser exposure, the 
powder temperature rises above the glass transition point after which adjacent particles melt 
together. This process is called ‘Sintering’, and polymers, ceramic, metals and composites 
are all susceptible to sintering [18]. The representation method that precedes the fabrication 
is based on gradients and the information is stored in functions that can be evaluated when 
necessary during the fabrication process. Using this approach, Steidle et al. [19] 
demonstrated the fabrication of bioceramic-polymer composite implants, consisting of 
hydroxyapatite particles bonded together by a calcium phosphate glass phase. In principle, 
SLS machines should be able to form heterogeneous material by laying down mixes of 
powders. However, the difficulty of doing this in systems that are designed to ‘roll-out’ 
uniform layers of material means that, in practice, this is rarely done [20]. It is difficult to 
vary the composition of the powdered working layer, but it is relatively easy to vary the 
beam power applied during the sintering process. Consequently, SLS-based processes 
generally create components whose microstructure is varied by selective heat treatment 
[21]. 
Direct Light Projection (DLP) is a variant of stereolithography (SLA).  Starting from a 3D 
image, a part is built slice-by-slice from bottom to top, in a vessel of liquid resin/ceramic 
slurries that hardens when exposed to a laser beam. In particular, DLP uses a dynamic mask 
and visible light to expose photosensitive resins and provoke photopolymerisation [22]. 
Woesz et al.[23] have fabricated polymeric multiscale structures using a commercial system 
(‘Perfactory®’ from Envisiontec®). These structures can be used as casting moulds in a 
myriad of applications. With a resolution of 32μm, they achieved wall thicknesses down to 
50 μm with vertical build speed of 15-20mm/h, which is slower than the build time of an 
SLS process for the same sample (4h in DLP vs 2.5h in SLS). The main advantages of the 
DLP machine are its significantly better feature resolution than SLS and its cheaper price. 
Water soluble photocurable moulds can be shaped with this technique and it is more 
suitable for moulding temperature sensitive materials (e.g. composites), in contrast to 
conventional moulds, which need to be removed by thermal decomposition. However, the 
limited dimensions of the build volume and slower speed are still the main drawbacks when 
compared to SLS. 
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Not every solidification-based approach to heterogeneous material manufacture involves 
lasers. Pompe et al. [24] presented an example of manufacturing FGM-biomaterials through 
compression moulding (essentially as a non-laser based sintering application). Artificial 
biomaterials were developed by building a graded structure consisting of ultra-high 
molecular weight polyethylene with a gradient in molecular weight. The manufacturing of 
this graded polyethylene composite material was executed in a cylindrical mould by a cycle 
of compression/decompression and temperatures variation. The flexibility of this 
manufacturing process provides freedom for the designer in terms of the optimisation of 
pressure and temperature cycle for each component configuration. The resulting cylindrical 
billet of material could be subjected to further manufacturing operations (e.g. milling or 
turning) to generate the final component. 
2.2.1.2 Deposition 
Although controlling the mix of powder within layers is difficult, precisely varying the 
composition of drops of molten material being deposited to form a solid is relatively easy. 
Consequently, several variations on the basic deposition process have been invented 
specifically for heterogeneous materials. For example, Direct Metal Deposition is 
versatile, but only feasible in low volume manufacturing case studies because the parts 
produced have no visible material resolution (i.e. no stratification or layers are only visible 
in the micro-structure). This is essentially a laser cladding process which consists of metal 
powder melted and deposited in a layer (approx. 0.025 cm thick) using a laser beam on a 
substrate. The fabrication of metal alloys, functionally graded material Cu-Ni, manufactured 
by DMD is also referred by Shin et al.[14]. 
Solidscape® Inc [25] has created a T6x Benchtop® model maker whose so called ‘drop-by-
drop’ technology permits accuracy of 10-3 of an inch per inch in three dimensions. There are 
two nozzles depositing material, one is the molten material, the other is the sacrificial 
support material for the model and can be dissolved away after the model is finished. The 
feature resolution is better than in SLS, but slightly inferior compared to DLP. The main 
drawback of these model makers is the slow build speed (0.5-2.5mm/h vertical build speed) 
and the high risk of “sink marks” or holes in the final product if build parameters are not 
chosen accurately [23]. 
Laser Engineering Net Shaping (LENS®) [26] is a laser-based LM process 
commercialised under the trademark DMDS™ (Direct Metal Deposition System) and it is 
perhaps the most advanced form of commercial additive layer technique used to fabricate 
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fully dense metal parts directly from three-dimensional CAD data. Instead of bonding 
material in a bed of powder, as SLS does, the powder is delivered in a gas jet through 
nozzles that instantaneously melts it by the simultaneous application of the laser beam. The 
solid surface formed by solidification promotes layer to layer adhesion for the next step of 
the building up process. The LENS® approach to near-net-shape component fabrication is 
derived from the approach used by Rapid Prototyping processes to create plastic prototypes 
and casting patterns from STL files. The critical feature that distinguishes LENS® from any 
other RP processes is that it can make components out of structural metals directly, and thus 
can be used not only as a RP fabrication process for near-net-shaped prototypes but also as 
a manufacturing process for production of quality metal parts and injection mould tooling.  
 
 
 
 
 
 
 
Figure 7: LENS® device, as appeared in [26] 
Fused Deposition (FD) process (also known as SDM, Shape Deposition Manufacturing) 
can create FGM artefacts, (e.g. an injection-moulding tool, composed of three different 
materials to withstand mechanical, thermal and chemical requirements [27]) combining 
additive and removal processes.  
Another illustrative example of FGM fabrication by SDM is the metal-ceramic alloy, 
referred in Shin et al.[14], which is the constituent material of the walls of a pressure vessel. 
The motivation for developing this material arises from the conditions pressure vessels 
endure during their life; high temperature/pressure conditions on the inside, while the outer 
surface is under ambient conditions. The solution developed is the fabrication of a ceramic-
metal FGM: ceramic layer on the inner surface of the pressure vessel due to its high 
temperature properties, and a metal away from the inner surface owing to its good 
mechanical properties. If these two materials were joined abruptly a high stress would occur 
at the interface, provoking brittle facture of the hard metal (or ductile facture of the soft 
material). In practice the proportion of the metal needs to be gradually increased in a 
controlled manner starting from zero at the inner surface to unity at the outer. The authors 
demonstrate that the SDM process allows the manufacturing of such a metal-ceramic piece.  
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Fessler et al. [27, 28] also worked on SDM focusing on laser deposition systems in order to 
fabricate functionally graded metals using powder mixing. The main improvement of SDM 
versus other SFF techniques is that parts are decomposed into 3D layers -2.5D typically for 
SFF- with an arbitrary thickness and need not be planar. However, the problem still remains 
in the subtraction step, which causes ‘stepping’ in the final object. 
More recently, SDM has been taken into the biomimetic field with the fabrication of 
artificial bone [29] where osteo-induction (i.e. cell growth in implanted scaffold) was 
overcome with the inclusion of interconnective micropores that favour bioactivity and 
broaden the artefact functionality.  
Multi-nozzle Deposition Manufacturing (MDM) is a variant of SDM recently developed 
by Yan et al.[30]. The system consists of a four-nozzle arrangement designed to carry out a 
layer-by-layer process. By juggling with single-nozzle, bi-nozzle and tri-nozzle deposition 
processes, ceramic scaffolds with different properties can be created (an improvement on 
the previous SDM system). Yan et al.’s discussion reveals that the bone scaffolds made by 
the single-nozzle deposition process in the MDM system are the most suitable type for 
implantation to repair bone segment defects. The authors report that parts created by single 
nozzle systems appeared to have the slowest degradation/re-absorption rates and offered 
good compatibility and conductive properties. These results again reveal the difficulty of 
coordinating several nozzles to effectively deposit and fuse materials correctly.  
Polymers are also suitable for FD techniques. Rodriguez et al. [31] optimized the design of 
acrylonitrile-butadiene-styrene components for anisotropic stiffness and strength through an 
FD method where unidirectional extrusion provoked an aligned functional graded 
configuration with directional mechanical properties. 
Precision extruding deposition (PED) is presented in [32] as an improvement on 
previously reported Fused Deposition Manufacture (FDM) schemes that are used for metals 
and composites. The major difference with conventional FDM is related to the direct 
deposition of material without the need of pre-preparation in a filament form prior to 
deposition, as this is directly done in pellets of material to build the scaffold architecture. 
This allows higher manufacture precision, so mechanical properties can be studied in direct 
correlation to the degree of anisotropy, deposition and orientation layout pattern, and 
overall porosity for further structure optimisation. 
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Even though all the powder-based methods are “repeatable” (i.e. given the same powder 
mix and heating they will produce the same material), the material properties of the 
resulting component are not necessary predictable. Designing a particular FGM is still 
essentially a trial-and-error process.  
2.2.1.3 Binding- 3D Printing (3DP) 
3DP can also create graded artefacts using a technique in which mixtures of materials with 
diverse characteristics (polymers, ceramic, metals and polymer/ceramic powders) are, in 
principle, controllable. Among the LM processes, 3DP is particularly well-suited to the 
fabrication of parts with Local Composition Control (LCC) [33]. Commercial 3D printers 
create parts by spreading powder, and then use an ink-jet printer head to deposit a binder 
material into the powder bed and so define the component in a similar process to a 2D 
colour ink-jet printing. The resolution of the composition control is of the order 50-100µm. 
Such local composition control has demonstrated the printing of ceramic parts with local 
toughening. The information flow for LCC with 3DP is composed of Geometric Design, 
Material Design, Post-Processing and Fabrication. 
 
 
 
Figure 8: 3DP scheme process, by Jackson et al. [33] 
Jackson et al. [33] employed a 3D printer for fabricating heterogeneous objects in a ‘Drop-
by-drop’ (DoD) manner. However, Jackson [34] observed, in a deeper analysis of the 
system, the limitations of this technique, which applied an ‘on/off’ mode, as well as the 
partial mixing of materials in the cartridge prior to printing. With these methods for varying 
the output, it was possible to fabricate an item with high precision where heterogeneous 
objects are represented as blurred material distributions varying from point to point like a 
printing bitmap. Consequently, the link between CAD system and LM machines becomes 
weak and limits this technique. In addition, the lack of speed in the overhead cartridge 
(1.2m/s and 40kHz frequency of the available droplets leads to a minimum distance 
between droplets of 30μm) and the difficulty of controlling very small quantities of applied 
binder (binder droplets are of the scale ≈100μm) prevent this technique to be used at micro 
or nano level. 
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Closely related to Jackson’s work, an improvement in digital half-toning was proposed by 
Wu et al [35] in an attempt to address a possible solution to partitioning a continuous 
material. Modifications to a standard half-toning algorithm were defined in order to 
consider the anisotropic voxels and uncertainties in droplet placement. This can optimally 
minimise the occurrence of blurred, out of focus textures and execute minimum run-lengths, 
so the blur effect in the Z-direction will be eliminated. But one of the main contributions to 
solve the material-to-material transition in DoD printing technology has been offered by Siu 
and Tan [36] with their definition of the “grading source”, which gathers the type of 
grading, the position of grading, and the materials grading function in order to control and 
represent material transitions, as well as defines the transition between different grading 
sources. The definition of the material grading function inside every point is important, so 
an algorithm that subdivides each slice of a heterogeneous object into a list of multi-
material contours according to the grading functions of different grading sources is defined. 
Three grading regions are defined to generate contours as the sum of the contours 
generated, and each contour has its own defining material composition array. The structure 
is generated to extract the material composition of the contours in each slice. Applying this 
at intersections and overlapping regions, a new contour is generated and three new regions 
are defined. In addition, three new sub-contours are regenerated, and so on. This makes it 
possible to identify different regions in the designed object and slice the item to be 
prototyped, improving in this way texture, surface finishing and avoiding abrupt transitions 
of materials, prone to mechanical failure.  
The impact of surface finish of heterogeneous parts is an intrinsic limitation of powder-
based processing. Lanzetta and Sachs [2] noticed that surface finish in 3D printed parts can 
be greatly improved by using very fine powders (1-50 μm). Spreading particles in the range 
of 1-10μm is complex due to their tiny size. These powders cannot be spread dry. A way of 
overcoming the problem was to adapt a wet pre-treatment of the raw material. They used 
commercial 3D DoD printers to produce their artefacts and demonstrated the enhancement 
in surface finishing. Other authors [37] have already tested potential biocompatible 
materials (e.g. natural polymers and water-based binders) as deposition materials with the 
intention to fabricate scaffolds suitable for implantation. Although 3D printing appears to be 
a feasible manufacturing technique, post-processing is still a crucial requirement for the 
manufactured object in order to provide better mechanical properties (i.e. printed powers 
are intrinsically of a brittle nature) and reduce the water uptake tendency. Porosity 
distribution is not controllable because the DoD deposition of material leaves voids causing 
the overall artefact to shrinkage in later stages.  
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Although powder based LM appears to be an extremely flexible technique, in practice the 
number of polymeric materials that can be used as raw materials is limited by the 
manufacturing processes. For example, in Fused Deposition Manufacturing and Selective 
Laser Sintering, only thermoplastics and a limited range of metals and ceramics can be 
used; 3D Printing techniques require solvents and binders. Powder based LM also requires 
explicit multifaceted manufacturing instructions to be generated that contain implicit 
corrections for anisotropic shrinkage during fabrication. The use of machines with multiple 
degrees of freedom (e.g. deposit non-planar slices) [38] and layer orientation [39] are 
aspects likely to make the LM process a more attractive alternative in the future because of 
the limited surface accuracy and the long build times that are required at present, in many 
cases due to the deposition of a sacrificial support structure. 
2.2.1.4 Hybrid methods for heterogeneous objects manufacture 
Some researchers have combined LM with other methods in order to overcome the above 
limitations and produce more accurate techniques and/or improve the characteristics of the 
resulting item. In conventional LM fabrication techniques, when a 2D object is 
manufactured, the only way of varying the density is by altering the thickness of layers. 
However, 3D heterogeneous objects can be enabled by the combination of different 
manufacturing techniques. For example, traditional Stereolithography (SLA) can be mixed 
with other manufacturing processes in the creation of structural components with complex 
composite microstructures [40]. A component with an inner skeleton –or microstructure– is 
arranged to maximise the stiffness-to-weight ratio. The process consists of ceramic 
processing around an SLA pattern, pattern removal and metal casting. At present, this 
process is limited because only one constitutive material is employed, but the long-term 
goal is a heterogeneous fabrication with two materials (either, two solids or one solid plus 
void) to create a functional gradient within the microstructure and so allow a single property 
to be optimised with respect to weight.  
Another example of a hybrid manufacturing method is the indirect LM manufacturing 
approach, where the part is used as a mould to cast the final product. Examples of 3D 
Printing used along with conventional methods can be found in [41] and [42]. Through LM, 
the 3D part is produced and then post-processed (e.g. cleaning, curing, finishing) to yield 
the final mould. This mould will cast the definitive part. 3D Printing is a versatile technique 
and can be also used together with solvent casting. Using this technique a polymeric-
ceramic composite [41] can be created to get graded mechanical stiffness. Polymer provides 
toughness and plasticity; the ceramic phase adds high strength. This type of composite is 
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suitable for use as a bio-component. These are applications where the variables are stricter 
than in non-medical environment. The main advantage is that the technique also provides 
tools to enhance control over cell differentiation which allows researchers to develop the 
reconstruction of multi-tissue organs, tissue interfaces, bone, cartilage, tendon, ligament and 
muscle.  
Stereolithography has also been paired to a low-pressure injection moulding process which 
has shown to be a successful solution for ceramic microcomponents, non-necessarily 
porous. Knitter et al. [43] cite advantages as low cost, flexibility for design modifications 
and a rapid processing with the high precision required in microengineering and electronics. 
On the other hand, it has evident problems with the scale-up, since bigger parts or large 
series cannot be sintered under the same advantageous conditions.  
2.2.2 Methods for fabrication of Composites  
The main characteristic of a composite is the existence of a continuous phase and a 
discontinuous one, which can be a single material or several. Polymer composites formed 
by polymer-polymer and polymer-ceramic mixtures are widely used for industrial purposes. 
In particular, biocomposites (i.e. ceramic-polymer) are acquiring more importance in 
biomedical applications. Bioceramics are widely known in the field of bone repair and are 
preferred materials for bone grafts because of their low density, chemical inertness, high 
wear resistance, excellent tissue adherence and compositional similarities with natural bone. 
However, ceramics are inherently brittle and exhibit poor mechanical strength, so a 
blending with a plastic can mitigate the disadvantages and become a material perfectly 
suitable for human implantation. 
The most common process for fabrication of composites is polymer reinforced by 
polymer. The continuous phase, the matrix, which is normally a resin, a ceramic or a metal, 
is reinforced by a discontinuous phase in the form of inclusions, fibres, particles, or even 
voids. Heterogeneous composites can also be ones that are manufactured with a special 
control over crystallization and internal structure control. One particular interesting 
approach to composite manufacture is described by Loos et al. [44], who reported an 
investigation of polyethylene-fibre reinforcing polyethylene, where polyethylene fibres act 
as nucleation centres for the high density polyethylene matrix. This provides the sample 
with directional mechanical properties and controlled behaviour along different axes. 
Reinforcing a common polyethylene with polyethylene fibres by hot pressing leads to a 
strong and stiff single polymer composite. It has the intriguing property that it is a 
38 
homogeneous material in the number of constituents, but heterogeneous in its physical 
characteristics. 
Mikos et al. [45, 46] have reported a solvent casting aided by particulate leaching 
techniques with the objective of manufacturing porous biodegradable polymer conduits and 
malleable substrates for guided tissue regeneration, particularly interesting in those cases 
where a tubular conformation is required. The extruded tubular polymer/salt composite is 
manufactured by solvent casting, compression and a salt leaching process. For these 
polymer composites, the pore morphology is affected by the weight percent of salt crystals 
in the solution. Nevertheless, a drawback of this method is the difficulty of automation, 
because it requires hand finishing.      
Hot pressing [47] has been used to sinter a ceramic-polymer composite material prepared 
from poly-L-lactic acid acting as a matrix reinforced by hydroxyapatite fibres. Mechanical 
and in-vivo analysis demonstrated successful application of these materials as temporary 
bone fixation. This simple but efficient solution enables the preparation of specimens with 
specific mechanic and chemical conditions.  
It is interesting to note that manual manufacture processes are common in composite 
production, and further research is needed to achieve the same level of automation, 
accuracy and control that are available for FGMs or engineered micro-structured materials. 
2.2.3 Methods for fabrication of heterogeneous materials with Engineered Structures 
This section reviews the available technologies for manufacturing materials with internal 
microstructures. These substances contain internal frameworks whose mechanical 
properties can be characterised and controlled by a wide range of variables. The 
applications are widely researched in aerospace, where components with outstanding 
mechanical and chemical properties are needed, automotive manufacturing and medical 
devices. This is down to the material’s potential to produce lightweight structures, with an 
optimum weight-to-load ratio, inert nature and diversity in materials to use in the 
manufacture of final objects. Engineered structures are frequently required in biomaterials 
manufacturing, e.g. drug delivery, tissue engineering, permanent orthopaedic implants.  
The approaches presented here to the fabrication of heterogeneous materials with 
engineered structures can be broadly categorised into two groups: Derivative Layered 
Manufacturing and Foaming processes. 
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2.2.3.1 Derivative Layered Manufacturing  
Several LM fabrication methods have been developed or adapted to support the generation 
of heterogeneous materials with engineered microstructure. For instance, fused deposition 
processing has been reported that produce 3D interconnected composite scaffolds with 
controlled porosity [11].  The researchers’ goal was to develop biocompatible polymer-
ceramic composites by homogeneous mixing of tricalcium phosphate (TCP) in 
Polypropylene (PP), and then to fabricate and characterise porous TCP-PP composite 
scaffolds for bone graft applications. These were fabricated by a single screw extruder 
followed by fused deposition. 3D interconnected porous TCP-PP composite scaffolds were 
fabricated for physical, mechanical and biological property evaluation. The prototype is a 
“3D honeycomb”-shape with a complex internal architecture where the pore geometry 
varied from centre to the periphery (Figure 3b). The resulting structure was spiral because 
rods in each successive layer were made to rotate by a 15° angle (keeping other parameters 
constant for all the layers). This technique offers many advantages because of its high 
flexibility in synthesizing strong, biocompatible, bio-resorbable components, depending on 
the choice of materials. Pore size and pore volume can be varied in an ‘ad-hoc’ manner, 
which has definitive repercussions on the mechanical aspects of the item. The drawback 
comes with the impossibility to create a one-unit continuous scaffold with graded porosity 
throughout. The way porosity was varied in this case was by connection of disk-shape struts 
with different porosity with abrupt discontinuities between disks.  
For biomaterials production, even living cells or other bioactive components (e.g. dispersed 
in hydrogel) can be built up into 3D scaffolds. The so called ‘Bioplotter’, by EnvisionTec™ 
[22], dispenses a plotting material into a medium to cause solidification and to compensate 
gravity force through buoyancy. When handling tissues, conditions become more 
demanding in terms of environmental conditions and the milli-micro scale used. 
Moisturising, hygiene and temperature are restrictive variables.  
 
 
 
 
 
 
Figure 9: Bioplotter™ principle, as explained in [22] 
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The advantage of this approach is that sacrificial structures are not needed to be built in 
because collapsing is prevented by the plotting medium. Solidification of the material 
during plotting is only caused by the expected mechanism (i.e. precipitation, phase 
transition or chemical reaction). 
Also for biomaterials production, a hybrid LM process has been created for casting objects 
with internal scaffolds that formed porous architectures. This technique combines LM and a 
traditional fabrication method (i.e. sponge scaffold) to create a material suitable for use as 
bone replacement [48]. Taboas [41] developed methods for casting scaffolds which 
demonstrated control over global (i.e. bulk) and local pore size and 2D orientation. It was 
also shown that control over global pore architecture requires automation. LM scaffold 
manufacturing methods offer excellent control over external shape and internal pore 
interconnectivity and geometry. However, the authors state that it offers limited micro-scale 
resolution.  
Likewise, gelcasting is a ‘near-net-shape’ forming method that, used in combination with 
LM techniques has also been proved to be a viable process for production of engineered 
microstructures [23]. From a liquid or plastic state, shaping happens after reaching the 
gelation point. Ceramic or polymeric powders are dispersed within a precursor that hardens 
in a mould that has been created using any of the LM techniques already presented for 
engineered microstructures. This technique offers a possible fabrication method for porous 
ceramics, or ceramic foams at a low price and high accuracy in porous size and location of 
the channels without the large shrinkage level typically suffered in the pieces fabricated 
without supportive mould. However, one foreseeable drawback comes from processing 
time, which is very high.  
2.2.3.2 Foaming processes 
Foams constitute a good example of a heterogeneous material with a microstructure that 
could be engineered ‘ad-hoc’, since almost any material (e.g. metals, pure polymer and 
polymer-based ceramic) can, under suitable conditions, be foamed. Reticulated materials 
have been increasingly used in many applications and for structural purposes such as: metal 
foams in automotive industry and aerospace; ceramic foams, in processes where fluid 
transportation in the microstructure is required (e.g. molten metal filtration, hot gas 
filtration, catalysis supports, etc); polymeric foams, in thermal, acoustic insulation, 
filtration, cushioning, packaging, absorbing the kinetic energy from impacts, etc. Their uses 
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exploit the unique combination of properties derived from the purposely controlled 
distribution of voids in the material. 
  
(a) (b) (c) 
Figure 10: SEM images of: (a) Metallic foam, in [49]; (b) Ceramic foam, in [50]; (c) Polymeric foam, by 
the author 
The process routes used to create metallic, ceramic and polymeric foams are similar to a 
certain extent. For the ceramic materials, foam production processes are traditionally 
classified into three main types. The most frequently used method for engineering structural 
foams is the patented ‘Schwartzwalder and Somers’ [51], ‘Replica Processing’ method. 
This technique uses a foamed polymer as a pre-form for the ceramic porous material. The 
polymeric foam is dipped into slurry containing an appropriate binder and ceramic phases. 
The soaked polymer is then sintered without increasing pressure conditions at elevated 
temperatures. When the polymer decomposes, a ceramic green body is obtained with 
similar porous structure to the pre-form polymer. The ‘replica process’ produces ceramic 
foam with open-cells, which is ideal for biomedical applications due to the open channels 
where flow can be induced, but has the drawback that pyrolysis of the polymer skeleton in 
many cases produces flaws or leaves residues in the cellular ceramic. In addition, because 
of the need for a pre-form, some dimensional shrinkage will occur during fabrication. This 
problem was addressed by Nangrejo and Edirisinghe [52] who prepared silicon carbide 
foams using polyurethane foam as the pre-ceramic mould, and studied the effect of varying 
the concentration of pre-form solution content in order to reduce the shrinkage effect 
observed after decomposition of the polymer. Another example of this technique for the 
preparation of ceramic TiO2 foams can be found in [53]. 
The ‘placeholder technique’ shares the principle of the replica method, but does not need a 
sacrificial framework. Rather, it consists of co-dispersing a ceramic powder with an easily 
burnable second phase, forming a green body, burning out the second phase and sintering 
the body. Van Tienen et al. [54] present an example of the fabrication of porous ceramic 
using the ‘placeholder’ approach. They developed a matrix of a polyurethane/salt composite 
by foaming the polymer at different salt concentrations in order to achieve the proper 
42 
porosity. The preparation of the foam consists of obtaining a ceramic based on the polymer 
phase. Ceramic powder is added to both the resin and the isocyanate component, stirred and 
left to complete reaction and cross-linking. The resulting foams have different mechanical 
features (e.g compression moduli and porosities) depending on the concentration of added 
salt. Peng and Fan [55] described the preparation of ceramic foams by expansion of a 
ceramic suspension based on a polyurethane system. Foamed ceramics possess open cells in 
a nearly equiaxed shape but the cell size is much finer. In this case, the aim was to get a 
foam with homogeneous pores. 
A highly developed expertise in the extrusion foams industry, the ‘bubble-forming’ 
technique, is also employed for production of ceramic foams. They are based on producing 
and stabilising bubbles within the mass that have been created by chemical (e.g. chemical 
reactions resulting in gaseous components) or physical agents (e.g. blowing gas or by 
turbulent mixing). When the polymer is initially mixed with a ceramic component, ceramic 
foams can be formed. Garrn et al.[56] and Sepulveda et al. [50] are both examples of the 
‘bubble technique’ to obtain ceramic foams. The ceramic suspension is obtained from 
powder mixed with additives and then mechanically stirred until foams are obtained. 
Further treatment (polymerization, de-binding, drying, sintering, etc) leads to the porous 
ceramic structure. 
The techniques for metallic foam processing can be classified into two main groups [57]: 
those manufacturing processes that sinter loose metal powders with [58] or without [59] 
space-holders, similarly to the ‘placeholder’ and ‘replica processing’ in ceramic foams, 
respectively; and those methods where the melted aerated [60] matrix is compacted. Prior to 
the hot densification, the inert gas would have been mixed in the molten metal and would be 
set to expand following the same procedure that the ‘bubble forming’ technique.  
The literature reports many fabrication methods for foams whose composition is purely 
polymeric. The most common techniques are the thermally induced phase separation 
methods (derived from the ‘bubble forming’ technique), where the gas component is 
separated due to changes in pressure and temperature from the mixture and acts as the 
blowing agent, and the use of chemical and/or physical foaming agents (e.g. surfactants and 
others, similar to the bread-baking process).  
In both cases, at initial stages of the reaction, foam is the dispersion of a gas in a polymeric 
liquid, which creates a characteristic structure when the matrix solidifies. Once cured, the 
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foam consists of individual cells, or pores, the walls of which have completely polymerised 
and solidified to form a skeletal structure. The cells can be open with interconnected cells 
having a thin membrane between the skeletal ribs, or closed with separate cells which are 
non permeable and resistant to moisture and oil, insulating against heat and cold and 
absorbent of impacts or vibrations. A typical foaming [61] involves four stages: 
1. Bubble generation (nucleation) and growth (often involving a blowing agent) 
2. Packing of the bubble network and cell window stabilization 
3. Polymer stiffening and cell opening 
4. Final curing (solidification) 
The resulting foam structures are affected by the both their chemical composition (e.g. 
blowing agents, surfactants, catalysts) and processing conditions, such as pressure, 
viscosity, temperature, cure time, humidity, impurities, surface tension of reactants, etc.  
There are too many variations to the polymeric foaming processes to cover in detail here 
(further details may be found in [62] and [63] for an overview of this large topic). Instead, 
the focus will remain on the manufacture of polymeric foams by using chemical blowing 
agents.  
2.3 Effects of ultrasonic irradiation 
The effects of ultrasonic irradiation on chemical processes have been widely covered since 
Richards and Loomis [64] first reported to the international scientific community the effects 
of ultrasound in the acceleration of a convectional reaction using a piezo-electric ultrasonic 
source in 1927. The applications of ultrasound have spread out to a broad range of fields, 
from Medicine (e.g. imaging) to Materials Science (e.g. acoustic emission testing) and 
chemical/physical applications.  
Ultrasound has many effects on chemical and physical phenomena, but given the context of 
this work, ‘cavitation’ phenomenon should be introduced first. The term ‘acoustic 
cavitation’ was first standardised by Apfel [65] who gave a broad description of the 
phenomenon that could embrace all the definitions used at that time. Acoustic cavitation 
was characterised as any observable activity of bubble(s) moving due to acoustic field 
stimulation. Although Crum [66] later specified a more accurate classification where the 
differences between transient and stable cavitation were stated. Essentially, the effect is 
this: when a gas is dissolved in a liquid, changes in pressure and temperature can cause the 
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liquid to become supersaturated and so bubbles are formed. When these bubbles, of initial 
small radii, are irradiated, they experience alternate expansion/contraction due to the 
sinusoidal nature of the soundwave field. Under conditions of stable cavitation, this process 
is positive, and expansions are bigger than contractions, so the bubble growth is in 
resonance with the soundwave. However, if the bubble size, the ultrasound power and/or 
frequency go above a certain threshold, cavitation becomes transient. The bubble is no 
longer in resonance and the pressure produced during the next compression cycle causes the 
bubble to implode. The nature of the acoustic cavitation will be given by the predominant 
behaviour of bubbles in the liquid.  
The review here sketches the boundaries of ultrasonic applications in the context of effects 
caused by soundwaves on chemical reactions or physical processes that relate to the 
research work covered by this thesis. Due to the amount of work carried out by scientists 
across the world in the past 20 years, it seems unfeasible to cover with accuracy and 
perspective such a vast research field with branches many of which now stand by 
themselves as fully developed fields of knowledge. 
Therefore, this section contains two main parts. The first one aims to present some 
interesting examples of the chemical effects produced by ultrasound (so called, 
sonochemistry). This will be followed by a revision of the physical effects caused by 
ultrasonic irradiation. A dividing line between pure chemical and physical effect is difficult 
to establish due to the lack of a full understanding of the mechanisms of sonication. Later, a 
section where applications based on a combination of physical and chemical phenomena 
completes this review on effects of ultrasonic irradiation. Finally, this section finishes by 
highlighting some of the published work on ultrasonically induced polymeric foaming and 
the ultrasound influence on the bubble dynamics. 
2.3.1 Sonochemistry: chemical effects produced by ultrasound 
Sonochemistry is the effect of ultrasound on chemical reactions. From the early 80’s, 
researchers such as Suslick and Mason have been doing outstanding work on sonochemistry 
and its consequences. The majority of these applications exploit ultrasonically stimulated 
transient cavitation effects (i.e. the rapid growth and explosive collapse of microscopic 
bubbles as the alternate compression and rarefaction phases of a sound wave passes through 
the liquid). Since their pioneering work, the field has grown deeper and wider, with 
researchers now working on a myriad of aspects of the interactions between ultrasound and 
chemistry. Suslick’s research line derived towards the chemical exploitation of the 
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sonication effect, and culminated in a publication in Science [67] that brought the concept 
to the broader non-specialist scientific audience. From his initial work on organic chemistry 
and non-aqueous liquids, through organichemistry synthesis, then inorganic solids and 
catalysis, and more recently protein micro-encapsulation for drug delivery, the boundaries 
of sonochemistry have been stretched enormously. One of the best reviews of his -and his 
collaborators’- work over 20 years was published in 1999 [68] and it provides an excellent 
overview of sonochemistry principles. His work constitutes a breakthrough and has been the 
starting point for many researchers to look into chemical effects provoked by the 
application of high-intensity ultrasound. The two most important fields of application have 
been in polymerisation reaction and sonoluminiscence.  
The impact of ultrasound on reactions for polymerisation is two-fold, and the involvement 
of different lab techniques and many diverse researchers’ motivations have developed a 
deeper insight of the twin performance. Sonochemistry and its consequences derived from 
the formation and violent implosion of bubbles, which provoke ‘hot-spots’ (i.e. mini-
reactors with extreme conditions of temperature and pressure) that have been demonstrated 
to enhance the reaction rate of polymerisations and increase molecular weight (even without 
the presence of any catalyst), of styrene [69], polyester and polyurethane [70] and, more 
recently, methyl methacrylate [71]. On the other hand, ultrasound can also be directed 
towards the molecules cleavage (i.e. atoms bonding bridge) and provoke their breakage 
aided by those ‘hot spots’: polysterene in alkane solution [72], unfilled silicone [73], 
poly(dimethyl siloxane) PDMS [74], etc. This feature of ultrasonic sonochemistry has been 
exploited by some authors to induce polymeric degradation and devulcanisation [75, 76], 
which offers the advantages of a clean polymeric recycling process avoiding poisoning 
incinerations [77]. 
One of the most remarkable effects of sonochemistry that have fascinated researchers for 
years is the emission of light from a sonicated bubbly liquid, called sonoluminescence. 
Under some circumstances, especially if the solution is a hydrocarbon mixture or a noble-
gas is dissolved, the implosion of bubbles will ionise the gases inside them, and they will 
emit light [78-82]. Still at the lab scale, this branch of sonochemistry is being used to assess 
the mechanisms of reaction inside a bubble during transient cavitation provoked by 
sonochemistry. 
At the same time that the chemical applications of sonication have developed, Mason et al. 
[83], among others, have expanded the field and nowadays ultrasonic sonochemistry is 
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widely used in water/soil remediation [84-86] and textile cleaning [87]. These are based on 
the hydrodynamic cavitation principle [88] that couples microjets and hydrolysis via 
transient cavitation to transform hydrocarbon waste into carbon dioxide and water in a short 
period of time. This effect is provoked by the ultrasonic cavitation in thin liquid layers, 
where a large amplification of the acoustic pressure promotes the violent implosion of 
bubbles [89], and the released energy erodes dirt and degrades molecules. 
2.3.2 Physical effects produced by ultrasound 
The effects of ultrasound are not exclusively of a chemical nature. A myriad of physical 
effects have been observed and reported in the scientific literature.  
Enhancement of mass transport and diffusion aided by ultrasound have been proved [90, 
91] due to the membrane distorsion caused by acoustic streaming (i.e. ultrasound shock 
wave deforms the cell membrane) and stable cavitation (i.e. bubbles cyclic 
expansion/contraction introducing stress in the cell boundaries that makes them more 
flexible). This ability of the ultrasound to modify diffusivity and membrane permeability 
has been known for decades and it is now an established technology for food dehydration 
[92] and drug delivery [93].  
Controlled microstreaming and shockwave energy can decrease particle size and even its 
distribution (i.e. more particles of similar size) and are employed to produce rupture of 
polymeric particles (e.g. polyethylene, polypropylene, etc) [94], in the preparation of 
nanocomposites [95] and desorption mechanisms [96], in sonocrystallisation [97], in food 
processing [98] and grain refinement during metal casting solidification [99] due to the 
vibrational effect of ultrasonic waves. 
The pressure difference caused by stable cavitation acts as a nucleation (‘seeding’) agents 
that lead to agglomeration of finely suspended and/or nanoparticles of ice [100] and 
pollutants  [101]. This last application has been investigated and scaled-up for industrial 
exploitation [102]. 
Mechanical stirring produced by ultrasound has been exploited as a mixing mechanism for 
creating a better blend in polymeric alloys [103], and also as an instrument for creating 
superior dispersion of fillers in the polymeric composite by reducing viscosity during 
aggregation of fillers to the plastic composites [104]. As a homogenisation instrument, it is 
now a fully developed technique in industry. Extruded polymeric mixtures with the aid of 
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high-frequency (in the order of MHz) ultrasonic irradiation [105-107] (where more bubbles 
of a smaller size were produced, generating in this way a more homogeneous matrix) is one 
of the best known applications of this technology.  Ultrasound has also been used as a 
degassing agent during metal casting [108].  
Frequently, researchers cannot distinguish if the sonication effects are chemically-driven or 
the dominant effect is purely of a physical nature. For example, cold gelation of proteins 
[68, 109] and catalysts [110] along with fabrication of microcapsules [111] are only some of 
the examples of acoustic irradiation where researchers claim that both physical and 
chemical effects take place. Emulsification and thorough mixture would be the physical 
outcome and acoustic cavitation that enables cross-linking enhancement, i.e. the chemical 
contribution that keeps the content (i.e. drug) encapsulated. Therefore, these two effects of 
ultrasound can be coupled towards production of smarter devices that can slowly release its 
content to assist drug delivery. Turbulence, transient cavitation (i.e. implosion of bubbles) 
and/or acoustic streaming (i.e. micro-jets) might all team up to produce bubble coarsening 
which accelerates drainage and subsequent foam breakdown in liquid foams and froths 
[112]. This strategy has already been commercialised via high-power acoustic power 
radiated from plates in reaction/fermentation vessels [113]. 
2.3.3 Effects of ultrasound on foaming polymeric melts 
To date, as far as the author is aware, the conditions for the mechanical growth in a steady, 
sustainable way, (i.e. stable cavitation, for bubbles in a polymeric matrix) have not been 
described. Nucleation of bubbles has only been reported to be substantially enhanced by 
ultrasonic excitation as a means of mechanical activation via ultrasonic excitation, which is 
employed as a means of locally introducing sufficient energy to overcome the energy 
barrier for bubble nucleation [114].  
Although theoretical studies of the behaviour of a single bubble in liquid, commonly water, 
exposed to ultrasound have been extensively published [115-119], the behaviour of an 
ultrasonically-induced bubble in a polymeric or viscoelastic melt, or whole matrixes of 
growing bubbles (i.e. a foam) do not appear to have been explicitly modelled until recently 
[120],[121-123], with the exception of [124] in the mid 90’s, where the problem was first 
stated. The non-linear bubble oscillations at high ultrasonic intensities and the complexity 
of modelling viscosity behaviour (whose role is crucial in the foaming processing) in terms 
of non-proportionality with the changing melt rigidity, are major difficulties in attempting a 
general solution. Since Church et al.’s work [124], various viscoelastic models have been 
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proposed, but these all require more research effort for their verification and final 
standardisation.  
Bubble dynamics play an important role in the foaming process of polymeric melts, and 
ultrasound applied to the system could influence the dynamics of the process. These 
sonication effects should influence both bubble growth and nucleation rates in foams since 
both are strongly influenced by the concentration of dissolved gas in the resin (in other 
words, the saturation level determines the gas pressure and hence the driving force for 
bubble growth).  
Particularly important in the context of foams and other high viscosity fluids is the ability of 
ultrasound to produce an increase in mass transport due to diffusion variation [125], 
facilitating in this way diffusion and mixing of constituents. Essentially, sound affects the 
viscosity of fluids significantly (usually decreases their viscosity) [126, 127], so acoustic 
radiation reduces the diffusion boundary layer, increases the concentration gradient and 
may increase the diffusion coefficient. Since viscosity is inversely proportional to the 
diffusion coefficient, the latter will increase in sound fields. Convection also decreases the 
thickness of the mass transfer boundary layer, i.e. the wall of the pore. An increase in the 
membrane transport is due to reduced wall thickness. In addition, ultrasound creates stresses 
that disrupt the normal configuration (shape, wall thickness) of pores, and thus increases the 
membrane permeability towards gas/vapour (the blowing agent). However, if the intensity 
(i.e. pressure amplitude) is too high, ultrasound can go above the threshold and become 
transient, provoking shockwaves that can rupture cell walls.  
Once initiated, ultrasound could affect the process of bubble growth in a number of ways 
[75], individually or in a combination of these: 
1. Heating and mixing. Increase in temperature due to absorption of sound waves 
can provoke convections and turbulences that stir the mixture.  
2. Structural effects. Dynamic agitation and shear stresses produced can affect 
structural properties (e.g. viscosity) and provoke mechanical rupture.  
3. Compression and rarefaction (‘sponge effect’). The rate depends on the 
frequency of the ultrasonic wave. A dense material will crack if these cycles are 
too rapid but, if a system is viscoelastic in nature, compression/rarefaction can 
also affect the size of bubbles. 
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4. Cavitation (when compression occurs to a greater extent than expansion, 
bubbles implode). Side effects occur in the chemical reactions: ultrasound can 
enhance polymerisation or depolymerisation, thereby breaking the bonds of the 
mixture. 
When the bubble growth is controlled by irradiation, which is applied at certain locations of 
the bulk of the foam and at sensitive stages of the physical-chemical reaction (see ‘bubble-
forming technique’ under Foaming processes in this chapter), it can be modified 
(accelerated or retarded with acoustic power, frequency, etc) in order to control the size of 
the pores, their wall thickness or their orientation. These phenomena will be manifested in 
the final cellular structure when the foam has solidified. 
2.4 Porosity measurement techniques 
To assess the effects of the ultrasound exposure on the foam’s cellular structure, an 
effective method of characterising the porosity distribution within the material is essential. 
The fact that the polymeric foams manufactured in this research work were closed-cell 
cellular structures restricted the measurement options. A brief review on methods used 
across many disciplines (e.g. Biomaterials, Volcanology, Medicine, etc) is presented below.  
In open-cell structures (e.g. flexible foams, rocks), porosity can be measured using 
established methods such as the liquid displacement techniques (e.g. Arquimedes’, toluene 
infiltration displacement, mercury-porosimetry, etc). These methods provide an average 
density value for the bulk material (e.g. measurement of permeability and tortuosity in a 
sample) and yield an average pore size distribution, but give no information about where the 
pores actually are, and how they are connected. However, the aim of this work is the 
manufacture of heterogeneous foams with functionally graded porosity, therefore bulk or 
averaging methods are not applicable.  
The distribution of porosity can be recorded using internal scanning techniques (e.g. X-ray 
or SEM) and some attempts have been made to convert digitalised 2D images of porous 
material microstructure into finite element meshes [55, 128, 129], so 2D microstructural 
features (e.g. pore size and shape) can model the global mechanical response. Although 
some authors [130, 131] have defended this method stating that, in some cases, there is a 
good correlation between three-dimensional distributions and the two-dimensional data, it 
appears to the author that quantification of the results is not simple in heterogeneous 
materials, because the multiple 2D “slices” (i.e. images) generated by these methods have to 
be interpolated to allow the 3D heterogeneous geometry to be rendered. In addition, since 
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this technique will use PC simulations from a limited number of 2D-micrographs, the 
accuracy will be reduced proportionally to the heterogeneity of the porous solid. Therefore, 
for heterogeneous structures with a non-regular distribution of pore size, position of 
intersections, etc, will not be successfully represented using this strategy. 
Sound has been used as an assessing tool to evaluate skeletal status. Soundwave 
propagation parameters (very high frequency, of the order of 1MHz) have been also used 
[132] to characterise cellular structures (e.g. cancellous bone). However, the relationship 
between a measurement of density of a porous structure (i.e. porosity) and the sound 
attenuation is not a simple linear function and the technique requires further research.  
Three dimensional micro-computed tomography (3D μ-CT) appears to be the most 
sophisticated of the porosity measurement techniques nowadays and it is becoming widely 
used among researchers. However, the high prices for beam time still appear to be the major 
drawback, especially for those investigations where a large number of samples need to be 
examined. Explicit structures in smaller regions allow the qualification of foams. Spatial 
distribution of pores, surface area per unit volume, density distribution and degree of 
interconnectivity are among the main features that this technique can measure in solid 
cellular materials. μ-CT is used for measuring non-destructively the degree of bone 
regeneration [133], bone structure [134] and porosity of scaffolds [41, 135], aiding in this 
way computer modelling design. The data obtained from μ-CT scanning can be used to 
create virtual models whose internal geometry matches the specific internal geometry of the 
original porous solid (Figure 11). However, ensuring reproducibility in the results (when 
compared to the real cellular solid data) of the image processing technique, further increases 
the cost [136]. 
 
 
 
Figure 11: Triangular mesh, voxelisation and porosity distribution within the model generated from 
sandstone data, in [137] 
2.5 Fabrication methods for polymeric foams with an engineered porous structure: 
Discussion 
This section contains a discussion of the fabrication methods described above, with special 
attention paid to foam porosity tailoring and methods to control their porous structure. 
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The development of a manufacturing process that allows the fabrication of tailored parts of 
heterogeneous materials will be successful only if the following two aspects are fully 
understood by researchers: 
1. The macro and micro-structure of the object to be produced. These are directly linked to 
the mechanical, physical-chemical, biological (or a combination of these) functions required 
of the artefact.  
2. How the fabrication process develops (e.g. mechanical processing, post-treatment, 
coating, etc) and which stages are critical. 
Layered manufacturing techniques have shown highly flexible fabrication capability and 
demonstrated that graded compositions can be designed along with the geometry of the part, 
tailoring its physical properties for a specific purpose or function. From the bio-engineering 
point of view, these manufacturing processes limit the choice of biomaterials available to 
fabricate bone scaffolds and implants (e.g. teeth, prostheses, etc).  
Several critical issues arise when dealing with the design and manufacture of implants from 
biocompatible materials. One of such is the porosity gradation, which must reproduce the 
equivalent functionality of the original part (e.g. equivalent mechanical strength and also 
help proliferation of seeded living cells). Geometry must also be considered, since the 
prosthesis has to fit into the surrounding bone structure and, finally, the artefact must be 
designed taking into account the patient’s condition (e.g. age gender, lifestyle, medical 
history, etc) and the physical dimensions extracted from medical images (e.g. computer 
tomography (CT) and magnetic resonance imaging (MRI)). 
One of the main challenges that heterogeneous materials manufacturing processes face for 
the future is undoubtedly the possibility of manufacture at the micro scale. Although, 
theoretically, representation models can be developed at any size, when they are 
downloading the information for the fabrication process, the limitations of the actual 
machinery clearly cannot be neglected. Engineers and material scientists have succeeded in 
‘thinking micro’, now they have to create supporting technologies to ‘make micro’. 
Challenges in this area lie on the need for re-scaling the available manufacturing processes 
without compromising quality and reliability in the final product. In other words, could the 
tolerance of a rapid prototyping machine reach the accuracy of a CT or MRI image? 
As far as manufacture is concerned, the trend that can be foreseen is the integration of 
different natures of manufacturing processing. Many of the methods discussed here will 
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have to adapt their strategies to a more demanding production process where highly job 
specific materials (e.g. biocompatible, bio absorbable materials) can be dealt with 
successfully in many domains (e.g. a 3D printing process able to form objects at the micro 
scale). Details of processes (e.g. FDM) still require better adjustment to avoid some 
undesirable physical process phenomena, such as phase change, shrinkage or pore geometry 
deformation.  
Many traditional techniques will have to be modified to match mechanical, chemical and 
biological requirements. These traditional methods are manual processes, which make them 
difficult to be fully incorporated in industrial processes. They are common at the lab scale 
for heterogeneous materials production, and further research must be undertaken in order to 
achieve industrial levels of automation, accuracy and control. This is necessary for 
composites and engineered micro-structured materials in order to create these artefacts in 
engineering and biomaterials fields, because at present the technology has difficulties in 
high-quality production of fine micro-patterned components.  
In biomaterials, the control of porosity is crucial. The digital fabrication of structures that 
act as a template to guide, help and enhance proliferation, growth and development of living 
cells in a three dimensional space, is largely a blue-sky research field at the moment. The 
most demanding applications arise in biomaterials, where the porous structure of a scaffold 
is not an end in itself, because of the difficulty of placing living cells inside the intricate 
architecture of interior regions. A possible solution comes from the development of a 
fabrication method which allowed the creation of materials with functionally graded 
porosity, that can be tailored to enable seeding and cellular attachment and also withstand 
functional loading (e.g. mechanical forces). This fabrication method must also be hygienic; 
the process itself should not involve the use of toxic chemicals nor high temperatures (e.g. 
sintering) because this would induce the cells to die if subjected to a thermal shock. 
Among the main advantages that the ultrasonic irradiation as porosity-tailoring agent offers 
is its ability to create unique, high-energy intermediates at mild ambient temperatures. 
Therefore, thermally sensitive reactants are protected and the reactions take place at 
controlled locations (i.e. the ‘hot-spots’). The enhanced mixing and transport properties that 
the ultrasonically enhanced cavitation can lead to are also remarkable. It is difficult to make 
a porous structure via a typical polymer melt foaming process with only the help of blowing 
agents, because of the intractability of the polymer (i.e. high molecular weight –long 
monomer chains-, and high viscosity of the melt). However, the process might be controlled 
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by influencing, enhancing and boosting the physical and chemical process via localised 
ultrasonic irradiation. This research seeks to investigate if stable cavitation established in 
the polymeric foaming could facilitate a manufacturing process based on ultrasound that 
can be manipulated in a way that builds rather than destroys.   
It is seen that the work surveyed on porosity representation has almost exclusively 
addressed the problems of porosity measurement in close-pore foams. The only truly 
reliable method for analysis of micro/macro-porosity requires costly scanning, and even 
then, there is no established convention on how the new data (e.g. clouds of points in a 3D 
space) should be analysed for a final description of the foam or solid cellular architecture, 
or information on nature of those material(s) that constitute it.  
One of the most interesting issues in heterogeneous materials, as far as porosity is 
concerned, is the interconnection among pores in the bulk material. The quality, 
functionality and suitability of a foam to a certain application will depend not only on the 
pore size distribution of foam but also on the dimensions of the narrower necks connecting 
larger pores, and how pores are interconnected. The methods surveyed here fail to offer a 
consistent strategy porosity representation and analysis. This restriction comes from the 
inability of image analysis software to convey this information from the scanned cellular 
material. The output that is offered by those scanning strategies is a histogram of population 
of dots which carry no explicit information on cell size or its topology. 
This is the reason why the extrapolation of data from 2D to 3D that some authors have 
proposed is only valid for highly-regular cellular distributions. Here, the porosity gradient is 
not taken into consideration, and this is vital in the definition of heterogeneous materials. 
Bulk characteristics define mechanical properties, but only in those homogeneous structures 
with a small degree of anisotropy. In heterogeneous materials (e.g. cellular solids), the 
forces will not be distributed in the same way within a volume, as some parts might be 
loaded more than others, performing balancing effects that can lead to erroneous 
mechanical characterisation. 
Although this approach (from 2D to 3D) allows researchers to view and interactively 
assess/measure the cellular structure of a material, the calculation of porosity from 3D 
models is still a significant research issue. To date, μ-CT data is still processed by using 
linear cell densities to assess cell density [136]. 
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Even when restricted to a two dimensional work, this research work has tried to address the 
problem of measuring and quantifying graded porosity in heterogeneous materials and 
details of this strategy are presented in Chapter 4, along with the results of this approach, in 
Chapter 5.  
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CHAPTER 3. THEORETICAL FOUNDATION 
This chapter introduces the scientific principles that have influenced the design of the 
experimental work described in Chapter 4. A theoretical understanding underpinning the 
following four phenomena is presented to support the research hypotheses stated later in 
this chapter: 
1. Conductivity can be used to monitor the reaction phases (i.e. progression through 
pre-gelation, gelation and post-gelation stages) 
2. Ultrasound can have a physical and sonochemical effect on the polymerisation 
reaction 
3. Ultrasound can affect the dynamics of the foaming process by affecting the mass 
and heat transfer  
4. Sound field pattern can be used to tailor porosity within the bulk of the foam by 
subjecting the bubbles to stable cavitation and pulsations that allows bubble size 
adjustment before solidification 
The next sections will provide background on the theoretical principles underlying the 
chemical reaction, the electrical resistivity and the properties of ultrasound, the boundaries 
of what is known; the answers that this research work intends to provide, and those issues 
that remain still unsolved.   
In Chapter 1, the author conjectured that it should be possible to modify the behaviour of 
foaming processes with careful application of ultrasound and, as a direct consequence, alter 
the cellular structure (i.e. porosity and cell size distribution) of the resulting material. And 
this chapter is dedicated to explaining the rationale of the experimental work carried out to 
investigate the hypotheses and establishes the relative importance of the different 
mechanisms acting on the irradiated polymeric system. 
3.1 Polymerisation reaction 
Like many of the polymers in widespread use today, polyurethane was first synthesised in 
1937 by Otto Bayer at the Farben Laboratories in Leverkusen, Germany [138]. At that time 
there was little scientific understanding, but a highly practical and economically-driven 
motivation.  
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The use of polyurethane in industry has grown rapidly but the theoretical modelling of the 
chemical reaction has not developed at the same pace. The following sections give an 
overview of the process of polyurethane formation. 
3.1.1 Chemical reaction 
Polyurethane (PU) is made by the polymerisation of a monomer mixture (polyol –Figure 
12a– and isocyanate –Figure 12b–) after the addition of a catalyst [138]. The urethane group 
formed (Figure 12c) has robust mechanical and chemical properties that have made this 
polymer one of the most widely used in industry over the past seventy years.  
PU has a firmly established market with countless applications. However, the frothing 
process involved in this chemical reaction is a group of sophisticated chemical-physical 
reactions that are still not completely understood.  
Reactants Products 
 
  
 
a) Polyol b) Isocyanate c) Urethane group d) Carbon dioxide 
Figure 12: 3D models of reactants and products of polymerisation reaction 
 
In order to understand how the foaming process is affected when an external “agent” (such 
as ultrasonic irradiation) is introduced into the foaming system, it is necessary to understand 
how the process variables react to it throughout the whole process. 
The foam used in this study is created by a chemical reaction between the polyols and the 
diisocyanate group to produce polyurethane. Distilled water is used as a blowing agent.  
R-N=C=O (liq) + dH2O (liq) ↔ R-NH2 (liq) + CO2 (gas) 
HO-R-OH (polyol) + O=C=N-R’-N=C=O (diisocyanate group) ?   -O-R-O-CO-NH-R’-NH-CO- (PU) 
+ CO2 (g) 
The water diffuses across the holes formed between the chains of polyurethane reacting 
simultaneously with the isocyanate groups at the end of the chains, causing the reticulation 
(or cross-linking) of the polymer, and forming a semi-rigid solid. The gas product, carbon 
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dioxide, acts as a blowing agent and fills up the cavities forming a polymeric foam once the 
matrix has fully solidified.  
A qualitative description of the foaming process using a chemical blowing agent can be 
described in terms of the following three characteristic stages:  
1. Cream stage: After nucleation, the polymeric mass begins to expand in volume 
when the boiling point of the blowing agent is reached. This happens when the temperature 
increases (due to the exothermic reaction) and the blowing agent’s3 boiling temperature is 
reached (becoming active). In the case of water, the reaction produces carbon dioxide, CO2, 
which acts as the blowing agent. As it can be seen from the reaction equations, the amount 
of water added to initial mixture is directly related to the amount of CO2 formed (and this 
represented an important factor in the designing of the experiments).  
2. Rise stage: Foaming occurs at constant pressure but with variable volume (i.e. 
free expansion in an open vessel). A physical and/or chemical blowing agent raises the 
polymeric melt until a maximum height is reached. Foaming occurs simultaneously with the 
reaction which is a result of the vaporisation of a low boiling agent (if a physical blowing 
agent is employed) or a result of the formation of the blowing agent (CO2) if a chemical 
agent has been used, due to the exothermic heat of reaction. Then, there is a liquid foam, a 
metastable system that evolves dynamically due to two processes: foam drainage (liquid 
flows through the intersticial volume between bubbles) and foam coarsening (gas exchange 
between bubbles. Coarsening accelerates drainage and consequently foam breakdown).  
Once the foam has reached its maximum height, the exothermic energy of the reaction is 
used for the creation of links between monomers, cross-linking, creating long chains that 
form the polymer, entangled units that will form cells. In the case of open-pore foams, the 
process develops further and the pressure inside each bubble is sufficient to provoke rupture 
of cell walls that separate bubbles, creating open channels.   
3. Gelation: at this point, the final structure of the foam is reached. The rigidity of 
the fluid is high enough to consider the bubbles as cells. Bubble size becomes fixed and 
there is no possibility for the bubbles to expand or collapse, as the increasing viscosity of 
the plastic makes the walls stiff and strong against shear forces. The gel point is typically 
obtained experimentally by periodically moving a thermocouple during the reaction and 
noting the temperature and time at which the mixture seems solid. Conversion rate (the ratio 
of products to reactants) at that point is considered by some authors [139, 140] to be 
approximately 0.5. Finally, when all the polymeric mass has gelled, the final structure is 
                                                          
3 The blowing agent added can be chemical (i.e. water, as used in this study) or physical (e.g. CFC, R-11 
gases, etc) which is pressurised, mixed and supplied simultaneously to the catalyst addition.  
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obtained. The end of the reaction happens when the conversion rate reaches unity. Cross-
linking finishes and foam starts a curing period where cells become fully solidified.  
The procedure used here varied slightly from the above description. For example, no 
physical blowing agent was added to the mixture and a water bath was used to minimise the 
temperature gradient. The most outstanding change is the application of ultrasound that was 
performed in the experimental stage. In order to study possible interaction mechanisms 
between the ultrasound and the foaming reaction, both energy and mass balances need to be 
considered to characterise the polymerisation reaction.  
3.1.2 Energy and Mass Balances 
The mathematical modelling of polymerisation requires of the definition of reaction 
kinetics, reaction energetics and an expression to describe the variation of the viscosity 
value with time during each reaction stage. Although researchers have demonstrated [141] 
that kinetics of polyurethane formation are enhanced by mechanical stirring (e.g. shear rate 
is increased), it is not within the scope of this research work to investigate ultrasound’s 
impact on the reaction kinetics. However, both energy and mass balance (i.e. reaction 
energetics) along with the viscosity variation were considered.  
A complete energy balance for the PU formation was first developed in the 1980’s [140, 
142] and later authors [143, 144] improved and extended the original work for a myriad of 
foaming conditions (e.g. close mould, adiabatic conditions, etc). However, this energy 
balance failed to consider either density gradient or temperature gradient in axial and 
vertical directions.  
In the case of closed moulds [106, 114] the energy balance includes an expression for the 
variation of pressure with time, once the mass has filled the whole mould. The authors in 
Table 1 developed their work for, mainly, closed moulds (e.g. reaction injection moulding –
RIM– processes)  
The extensively reported work on the energy balance for PU formation is summarised in the 
following table. Using the equations proposed by these authors, an integrated definition for 
each of the stages that the melted polymer goes through during the foaming process will be 
developed. 
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Authors Energy Balance Mass Balance Main contribution Limitations 
Lipshitz et 
al. (1977) 
[139] 
Contribution only 
by chemical 
reaction 
Not defined 
First author to define 
the energy balance in 
PU polymerisation in 
adiabatic conditions 
Simplicity of the 
model  
Rojas et al. 
(1982) 
[140] 
Contributions 
from the reaction 
and the 
vaporisation of 
the blowing agent 
Not defined 
First author who 
defines density as a 
function of the 
amount of blowing 
agent in the mixture, 
cream and rise time 
Considers mass 
transfer to the bubble 
as an instantaneous 
phenomena vs heat 
transfer 
Marciano 
et 
al.(1986) 
[142] 
Contributions 
from the reaction, 
the vaporisation 
of the blowing 
agent and heat 
conduction  
Not defined 
Considers conduction 
as a heat transfer term 
and defines 
temperature gradient 
as main generator of 
skin (higher density 
outer layer) 
Gradients of 
temperature are only 
considered on the z-
direction, 
perpendicular to the 
close mould base. 
Niyogi et 
al. (1992) 
[145] 
Contributions 
from the reaction 
and the 
vaporisation of 
the blowing agent 
Surface-resistance 
controlled mass 
transfer and 
diffusion 
controlled mass 
transfer (for both 
diffusion 
coefficient 
constant and  
variable) 
considered 
Intensive analysis of 
the mass transfer 
phenomenon, 
nucleation rate, 
bubble population 
balance, bubble-size 
distribution, etc   
Convection is 
considered negligible 
and mass transfer is 
purely diffusional 
controlled by the 
liquid resistance. 
Assumed 
instantaneous 
gelation for the entire 
polymeric mass 
Baser et al. 
(1994) 
[146] 
Same as Rojas et 
al. 
Mass transfer 
considered as a 
diffusion process 
Heat loss to the 
surroundings by 
radiation once the 
reaction has ended. 
Mass transfer 
resistance to foaming 
is also incorporated. 
Neglects competition 
among neighbouring 
bubbles and 
convection in the 
mass balance. 
Requires input of 
number of bubbles 
for accuracy vs 
experimental results 
Gupta et 
al. (1999) 
[143] 
Contributions 
from the reaction, 
the vaporisation 
of the blowing 
agent and heat 
conduction 
Reaction rate 
depends on the 
decrement of 
concentration with 
time. Mass transfer 
is considered 
instantaneous 
Uses the fact that the 
blowing agent can be 
added in both liquid 
and gas phase. 
Intensive study on 
variables affecting 
the skin thickness 
Neglects diffusion in 
the mass transfer 
Modesti et 
al. (2000) 
[144] 
Contributions 
from the reaction, 
the vaporisation 
of the blowing 
agent, heat 
conduction and 
convection 
None formulated 
Considers heat 
dissipation through 
the mould. Performs 
a density assessment 
when different 
chemical and 
physical blowing 
agents are used in the 
reacting mixture 
For the model 
development, 
adiabatic conditions 
in closed moulds are 
considered. 
Convections effects 
are ignored when 
applying to his 
special scenario. 
Table 1: Various authors' contribution to energy and mass balances for PU polymerisation 
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In contrast to the studies reported in Table 1, the experimental conditions of the experiments 
detailed in Chapter 4 are:  
• Polymer is prepared in an open vessel, dP/dt = 0. Atmospheric pressure is the only 
external force over the mixture at all times. 
• The reported energy balance for PU foaming does not include a convection term but 
only heat transfer due to conduction.  
• The reported energy balance does not include a gradient of temperature or density in 
the x- and y-direction, only in the z-direction. Consequently, the equations 
developed here will contain the Laplace operator:  
⎟⎟⎠
⎞
⎜⎜⎝
⎛
∂
∂+∂
∂+∂
∂=∇
zyx
     (1) 
• Foaming takes place under non adiabatic conditions that are convenient for reaction 
kinetics investigation, (especially when reaction is fast and exothermic). The aim is 
to investigate possible mechanisms of interaction between ultrasound and heat 
transfer, so non adiabatic conditions must be modelled. 
3.1.2.1 General Energy Balance Equation 
The balance presented here has been developed for the purpose of this study. The energy 
balance (units: J/s.m3) lists the contribution of generated/consumed heat during the foaming 
process as well as the transmitted heat to and from a unit volume of foam. In it, a 
differential control volume of thickness dx, width dy and height dz, is defined. The 
temperature gradient in this system is considered orthogonal to the mould walls.  
 
 
Figure 13: Coordinate axis for the energy and mass balances 
Before the reaction takes place, the liquid foam fills approximately one quarter of the 
container. The growth is presented as a variation on the z-axis.   
For the control volume (of sizes dx, dy and dz), the First Law of Thermodynamics is 
applied: 
The rate of energy accumulation in the control volume added up to the net transfer of 
energy by fluid flow must be equal to the sum of: the rate of internal heat generation due to 
the chemical reaction subtracting the net heat of transfer by convection, the net heat 
y
x
z
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transferred by conduction and the net rate of heat transfer from the control volume to its 
environment due to formation of the blowing agent (CO2 from water) and/or vaporisation of 
the solvents (e.g. acetone).  
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Equation (2): General Energy Balance equation, adapted from [147] and [148] 
In this expression, the averaged values of the foamed polymer in time, density, ρ, and 
specific heat, cp, are considered at each interval. In fact, the density of each element, ρ, 
changes with the formation/vaporisation of the blowing agent and mass expansion. The 
value for the specific heat, cp, has been defined by [139], and it is a function of the 
temperature, the specific heat of the blowing agent (i.e. average between liquid and vapour 
states), cB, and the specific heat of remaining components, crest. 
restBBBp ccc ⋅−+⋅= )1( 00 ωω     (3) 
Other variables also present are: Initial fraction of blowing agent, ωBo; conversion rate, X, 
therefore, dX/dt is the reaction rate, i.e. rate of increase of reaction extent; thermal 
conductivity, K; and ratio of liquid blowing agent, B, where dB/dt is the “umbrella term” 
where both the rate of vaporisation of solvent and the rate of formation of blowing agent 
from the reaction with water, are represented in the following.  
The thermal conductivity, K, has been shown to be [142, 143] a function of the 
instantaneous density,  
32
2
1)( aaaK +⋅+⋅= ρρρ     (4) 
The heat of reaction (i.e. the total reaction heat per unit of polymer mass), ΔHr, the average 
convection coefficient for the surface (bulk), α, which is a constant, and the latent 
vaporisation heat of blowing agent per unit mass, hv, are constant values during the reaction. 
The viscous dissipation has been considered as negligible in this analysis. 
Conduction 
Heat produced due to 
the exothermic reaction Formation of 
blowing agent 
Convection Net transfer of Energy 
Rate Energy 
accumulation 
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3.1.2.2 General Mass Balance Equation 
Regarding mass transfer for this particular case, gross fluid motion (convection) combines 
with diffusion (ruled by Fick’s Law) to promote the transport of the blowing agent formed 
by the reaction, for which there exists a concentration gradient, driving force for the flux of 
mass within the polymeric matrix. 
The transfer rate through the polymeric wall (from bubble to bubble or from cavity to 
cavity) has been tackled by studying the concentration boundary layer [147, 148]. The 
boundary layer plays an important role in the foaming of the polymeric melt process 
because this manifests via three phenomena: surface friction (i.e. gas/vapour on bubble shell 
layer), convection heat transfer and convection mass transfer across the bubble shell layer 
(both from liquid to bubble, or vice versa).  
For compressible fluids (e.g. CO2 and vapour) being transferred from a liquid and liquid-to-
viscous media to/from the bubble, the mass balance needs to be done on a molar 
concentration basis, as density varies within the polymeric bulk: 
( )
t
CNxDC BBBB ∂
∂=+⋅⋅∇ •2                                   (5) 
 
Equation (5): General Mass Balance equation, adapted from [147] and [148] 
This general expression indicates that there are two contributions to the absolute flux of 
species (i.e. how the concentration of blowing agent changes in the mixture from the start of 
the reaction): a contribution due to diffusion (i.e. motion of gas/vapour relative to the 
motion of mixture) and a contribution due to convection (i.e. motion of gas within the 
mixture). No further simplifications can be made, as the blowing agent and vapour from 
solvents are incompressible fluids and neither the blowing agent/solvent diffusion 
coefficient nor molar concentration are kept constant throughout the process and within the 
polymeric solution or, at a later stage, solid matrix.   
3.1.2.3 Energy and mass balances to the polymeric foaming proces 
The different stages of foam growth presented earlier in this chapter have been considered 
and the corresponding expression for the mass and energy balance are presented below.  
Table 2 presents a summary of when these equations are applied to the different stages of 
the reaction of this research. 
Diffusion Convection Concentration rate of blowing agent in the mixture 
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Heat Transfer Mass transfer 
Event Stage4 Chemical reaction 
Formation of 
blowing agent 
Evaporation of 
blowing agent or 
solvent Convection Conduction Radiation Convective Diffusive 
Before 
catalyst A         
Cream 
time and 
Rising 
time 
B ?  ?  ?  
? . 
But only 
considered 
by [144] 
  ?   
Pre-
gelation C ?  ?  ?  ?  ?   ?  ?  
Post-
gelation D ?  ?  ?  
? . 
Minimum 
over 
conduction 
?  
? . 
Only some 
authors [146] 
? . 
But minimum 
?  
After end 
of reaction E     ?   
? . 
Minimum 
Table 2: Summary of energy and mass balance phenomena at different stages5  
                                                          
4 As referred in this research work 
5 tick indicates phenomenon active during the stage 
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Stage A 
 
 
 
 
Stage B Stage C Stage D Stage E 
X=0 
Liquid foam in the 
container at t=0 
Tx, Ty, Tz=Twalls  
 
X>0 
Foam growing 
T>Twall 
0<X< Xgel 
Foam reaches 
stable height and 
start cross-linking 
Xgel<X<1 
Gelation point is 
reached. After that 
point, bubbles do 
not grow or 
collapse. Final size 
is reached. 
X=1 and after 
Solid foam in the 
container, t = tfinal 
Tx, Ty, Tz=Twalls 
Table 3: Summary of stages during foam formation 
• Stage A: X=0  
Before the start of the foaming reaction, the reactants are placed in the container and 
tempered at the environmental conditions (i.e. Tx,y,z =Twall). There is no heat or mass 
transfer. The liquid is assumed to be a homogeneous mixture. There are no gradients of 
temperature or density; the mixture is of a liquid nature.  
• Stage B: X>0 
The catalyst, water, has been added and the reaction starts. As the liquid is considered to be 
supersaturated, the initial increment of temperature due to the exothermic reaction makes 
bubbles start appearing and the foam grows rapidly from then onwards. This is the “cream 
time”. Once nucleated, the bubbles grow as the macromolecules of dissolved gas move 
within the bulk of the viscous mixture in a convective way, a process that couples mass and 
energy flux. This is the so called “rising time”. 
Due to the exothermic nature of the polymeric reaction, the temperature inside the container 
is greater than the temperature at its walls. A gradient of temperature is established.  
As the mixture is still a liquid, convection will be the main heat transfer agent within. 
Recalling the general energy equation and applying it to this specific stage, the 
contributions to the energy balance are: the heat generated due to the reaction, convection 
and formation of blowing agent (CO2 gas)/ vaporisation of acetone, which for simplicity are 
expressed by an “umbrella term”. 
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Assumptions at the stage B are the following:  
• Velocities ux and uy can be considered of equal value due to the small dimensions of 
the container. In addition, a plane front is moving faster in the z-direction due to the 
rapid growth of the foam.  
• Likewise, the gradient of temperature in the x- and y-direction is small compared to 
the one in the z-direction because the rising of the foam is only in the z-direction. 
Temperature at the wall (Tw) stays below the temperature in the vessel (reaction 
temperature, Tx,y) so: 
0
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Therefore, the general equation can be simplified as follows: 
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Equation (8): Stage B Energy Balance 
Similarly, at this stage, the mass flux is, predominantly, by convective mass transfer. 
Consequently, the general equation for the mass balance can be written as,  
B
B N
t
C •≈∂
∂      (9) 
( )( )∞−⋅⋅≈∂∂ ,, BSBsmB CCAhdtdtC    (10) 
Equation (10): Stage B Mass Balance 
As explained in [149], a volume cell, chosen as a reference of motion, moves to the central 
region of the container, catches up with the flow front and experiences the “fountain flow” 
at the upper region of the container, near the interface with the open air. The volume cell 
then moves to regions near the wall and then slowly moves towards the central region 
again. This process continues during the rise time until the maximum height in the foam is 
reached.  
After that, in stage C, convective mass transfer is paired with another mass transfer event, 
diffusion. 
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• Stage C: 0<X<Xgel 
At the end of stage B (“rising time”), the maximum height of the foam is achieved. The 
formed cells have trapped CO2 gas (the blowing agent that is formed during the reaction) 
inside. This gas diffuses through the polymer melt into the bubbles and moves from cell to 
cell, these might coalescence and/or implode, and this can provoke events of partial collapse 
of the foam. This stage is the one at which more phenomena contribute in terms of energy 
transfer: chemical reaction, formation of CO2/evaporation of acetone, convection and 
conduction, due to the viscoelastic characteristics of the mixture. The assumption at this 
stage is: 
• Except at localised areas where events of collapse might happen during a short 
period of time, velocity on the z-coordinate can be considered zero, as the foam 
does not grow (uz=0). 
This assumption is introduced into the general energy balance and the resultant energy 
balance equation for this stage C is the following: 
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Equation (11): Stage C Energy Balance  
Along with the energy balance, a mass balance needs to be considered for the reaction from 
the start of stage C to the instant at which gelation point takes place. This mass balance is of 
a two fold nature: diffusive and convective, and both elements have to be considered when 
recalling the general equation for mass transfer and expanding its terms, as shown below. It 
also needs to be noticed that the assumptions taken in order to simplify equation (5) into 
equation (12) are that the gradient in the three coordinates (x, y and z) of specie B, i.e. 
blowing agent, ∇xB, is much greater than the gradient of the concentration, ∇C, as the 
viscoelastic mixture is of homogeneous nature, i.e. same chemical composition at any point 
of the mass, and than any gradient of diffusion coefficient, ∇D, this considered negligible. 
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Equation (12): Stage C Mass Balance  
From this equation, it can be seen that there is a direct relationship between the variation of 
the blowing agent concentration with time and the diffusivity coefficient, therefore the mass 
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balance contains a diffusive component. Other authors have also shown a similar 
relationship [146]. When the non-instantaneous mass transfer from liquid to bubble is 
incorporated in the mass balance formulation, and concurrently considering that the 
maximum resistance will be related to the formation of blowing agent, the following 
relationship was defined (for quasi-spherical bubbles with a diffusional component): 
pbm nBBKdt
dB ρ⋅⋅−⋅= )( 0     (13) 
In this equation, (B-B0) is the increment of mass of blowing agent (CO2/vapour) up to that 
instant, nb the number of bubbles per unit mass which will evolve into cavities and Km is the 
mass transfer coefficient with a diffusional component [145, 146], defined for this particular 
case as,  
bBm dDK ⋅⋅⋅= π2      (14) 
This relationship shows that the diffusivity coefficient is directly linked to the formation of 
the blowing agent. Higher rates of diffusion will be associated with high rates of blowing 
agent formation.  
• Stage D: Xgel<X<1 
At the end of stage C, the gelation point is achieved. This commences a new stage, which is 
considered to start at gelation point (X≈0.5) and finish at the end of the reaction, when the 
conversion factor is (theoretically) 1. After the gelation point, when it is considered that no 
more cavities (i.e. cells) are created and/or the formed ones in previous stages do not 
collapse, it is widely reported [143-145] that all the blowing agent (CO2 gas) is already 
produced. Effectively, for the general energy equation, this results in: dB/dt = 0. 
At the start of this stage, bubbles have reached their maximum expansion by trapping the 
CO2 gas. When a material element reaches the reaction extent of gelation, it is assumed that 
its density will remain constant. Bubbles can neither grow nor collapse. Gelled elements 
keep pressure uniform, but not constant, throughout the matrix. The final structure is 
obtained when the whole polymer matrix has gelled. In ideal circumstances, the gelation 
point happens simultaneously for the whole foam. Although not really true, this is assumed 
by many authors. Experimentation [142, 144, 150] shows that the foamed material that gels 
first is the one located near the container walls, because it remains at a lower temperature 
during the foaming process. 
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The contributions to the energy balance in stage D are: heat generated by the reaction, 
conduction and convection. Although convection is still considered here (due to the 
presence of large pores), conduction is a dominant phenomenon over convection, which 
will decrease in value until becoming negligible at the start of stage E. 
The assumptions at this stage are:  
• Vapour/Gas molecules velocities are considered small and decreasing at this stage 
(ux, uy, uz =0).  
• The gradient of temperature along the z-axis (variation of temperature of the foam 
with height, dT/dz=0) is considered negligible, since the heat transfer from the foam 
surface to the surrounding air is insignificant (air is a poor conductor of heat and 
there is no variation of velocity or foam height in the z-direction.  
• Dissipated air by convection is also considered negligible due to the lack of 
turbulent air above the free surface of the solidifying foam) 
Introducing these assumptions into the expression for the general energy balance, the 
following equation is obtained:  
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Equation (15): Stage D Energy Balance  
The mass balance also contains a term which represents the diffusion (by Fick’s Law in the 
gradient at the boundary layer) and, in a smaller contribution, the convection term. Any 
gradient in the z-coordinate is considered negligible here too.  
( )( )∞−⋅⋅∂∂+⎟⎟⎠⎞⎜⎜⎝⎛ ∂∂⋅⋅∂∂+⎟⎠⎞⎜⎝⎛ ∂∂⋅⋅∂∂=∂∂ ,, BSBsmBBBBB CCAhtyxDCyxxDCxtC  (16) 
Equation (16): Stage D Mass Balance  
After the gelation point, the viscosity increases drastically in detriment of diffusion, and 
consequently the mass diffusion coefficient (DB) decreases making the transfer of the 
blowing agent slower through the boundary layer, among wall cavities. The stiffness of the 
cavities’ walls promotes heat transfer mainly by conduction. As a consequence, it can be 
concluded that the soft elastic gel nature created after gelation does not promote growth of 
bubbles. 
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• Stage E: X=1 
At this stage, the reaction finishes. The only event at this stage is that the temperature 
decreases until it matches the water bath temperature. Once that temperature is reached, the 
conditions in the reaction vessel are adiabatic, as there is no exchange of heat. 
As the foam is rigid and the polymeric cells are fully formed, the convection contribution to 
the energy balance can be assumed to be zero since the velocity at which vapour/gas 
molecules moves (from cavity to cavity or inside each cavity) is too small to be significant. 
This velocity decreases rapidly from the gelation point due to the introduction of a rigidity 
term in the polymeric matrix. It is also assumed that the gaseous fluid adheres to the wall of 
the cavities, and therefore the heat flow at the wall will be by conduction, not by convection 
[144]. For this reason, heat will be transmitted mainly by conduction (which causes the 
drying of the foam) until there is no temperature gradient in the foam (dT/dt = 0). 
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Equation (17): Stage E Energy Balance  
Similarly the mass transfer equation for this stage does not include a convective term. The 
only process related to the mass flux during this stage is the diffusion of any remaining 
solvent and vapour from the foam volume to the outer environment. The content of the 
blowing agent here is mainly vaporous resulting from the drying of the foam.  
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Equation (19): Stage E Mass Balance  
3.2 Monitoring the reaction: Temperature and Conductivity 
Because only some phases of the foaming process may be sensitive to sonication, it is 
desirable to monitor the progress of the reaction so the start and end points of each stage can 
be identified. However, any intrusive input in this fast growing system could provoke 
instability and, to a greater extent, collapse of the system. Furthermore, as soon as the 
polymeric melt sample is taken out from the reactor, it changes because the reaction cannot 
be instantly frozen. Hence, it was impossible to monitor the reaction by periodic samples 
extracted from the container where the foam was reacting. Therefore, only a non-invasive 
indirect measurement could be used for the experimental rig.  
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Because the urethane polymerisation reaction is exothermic by nature (i.e. it produces heat 
into the surroundings and increases the temperature in the sample), the reaction temperature 
was employed to measure the conversion rate and identify the moment at which the reaction 
ends. Once the maximum temperature had been reached, the reaction finished [139], and the 
bulk temperature reduced until the ambient temperature (i.e. water bath temperature) was 
reached.  
Electrical conductivity also offers the possibility of monitoring the events inside the vessel 
containing the foam. This technique is particularly valuable in processes where foams 
cannot easily be visualised [151] (e.g. continuous monitoring of draining rates and stability 
of foams [152]). This variable will be exploited in Chapter 5 for analysis of the different 
foaming stages and comparison against the theoretical stages referenced in the literature and 
described in section 3.1.2.3 of this chapter. 
3.2.1 Conductivity. Hypothesis 
Electrical conductivity is the inverse of electrical resistivity. Electrical resistivity of a foam 
indicates its ability to impede the flow of electrical current through the substance. The 
hypothesis made here is that its variation during the reaction reflects the state of the process 
(e.g. liquid, rising, cross-linking, solid, etc). In the liquid state, resistivity will be very low 
(i.e. high electrical conductivity due to the dissolved species). However, during cross-
linking, the electrical resistivity will increase due to pore formation, producing cavities that 
will dry up by the end of the reaction. This situation will produce a very high value of 
electrical resistivity readings. The greater the porosity, the higher the resistivity is 
registered. 
Mathematical relationships between electrical properties and mechanical properties have 
been widely reported in the literature where researchers have been motivated by the desire 
to create non-destructive testing methods [153].  
Electrical resistivity of a foam can be measured by applying a voltage between two probes 
which are in intimate contact with the material and measuring the response voltage, by the 
following relationship: 
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A
LQx ⋅= δ       (20) 
Where Qx represents the resistivity, δ the dielectric constant of the material, L, the fixed 
distance between the measuring probes, and A area of exposed surface. 
The dielectric constant can only be considered as a constant value if the material is 
homogeneous and does not contain impurities. The tabulated values for dielectric constants 
widely found in the literature have been calculated after testing solid pieces of material 
which have not suffered deformities during testing. However, if the material undergoes a 
distinguishable variation, causing its chemical (i.e. nature) or mechanical (i.e. viscosity) or 
structural (i.e. porosity) characteristics to vary, its dielectric value will also change. In this 
case, the dielectric property was measured in the foam simultaneously with its chemical 
reaction which also provoked mechanical and structural changes. Therefore, a constant 
value for δ, dielectric constant, cannot be assumed. 
During the foaming of the polymeric melt, the wetted surface on the measuring probes 
varied with time. In a first stage, the wetted area on the probes corresponded to the liquid 
mixture volume held in the container, and the resistivity value of the solution (i.e. 
monomers, acetone and water). When the foam was growing, the wetted surface increased 
with the foam’s height in the vessel. In later stages, once the final height was reached, the 
effective path length between the probes changed due to the cavity formation during the 
chemical reaction. The surface decreased due to cross-linking (i.e. the material formed 
cavities that are interconnected among them by ‘necks’. The surface area in intimate contact 
with the probes decreased). This area is related to cell walls and their thickness. Therefore, 
it can be considered that resistivity of a foam depends on:  
• Resistivity of the foam liquid components (i.e. acetone, water) and their amounts. 
• Pore architecture –varies depending on the stage of the reaction.   
Electric current can only pass through a polymeric foam because of the conductive solution 
that it contains. When the foam dries up, it becomes a good electrical insulator. In the 
system studied, the hypothesis stated is that resistivity will exhibit an exponential decay 
(from liquid, high conductivity, wetting the probes) to a solid with voids that make it very 
insulating (very low conductivity).  
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(a) Initial stages of polymer foaming (b) Later stages: reticulated foam 
Figure 14: Cross-linking process monitored by resistivity 
Therefore, an estimation of the stages at which the reaction is could be established as a 
function of the electrical resistivity measured in the foaming system: 
 Stage 1: (melted monomers + C3H6O) + H2O :: Liquid = Resistivity 1 
 Stage 2: Closing pores towards a closed-cell structure :: Gelatine = Resistivity 2 
 Stage 3: Cross-linking process finished :: Solid PU foam; resistivity in network ≈ 
very high, Resistivity 3 
Resistivity 1 < Resistivity 2 < Resistivity 3 
Consequently, it appears likely that if the resistivity is plotted against time, the progress of 
the cross-linking process can be monitored. 
As can be seen in Figure 14, in the latter stages of the foaming process, the electric current 
path is longer when polymer is cross-linked, which increases electrical resistivity. 
To summarise: One of the hypotheses for this work is that electrical resistivity measurement 
provides information on foam progress with time, and thus making it possible to identify 
specific stages in the reaction (section 3.1.2.3). Furthermore, it will enable investigation on 
how ultrasound affects the length of the reaction stages.  
3.3 Theoretical principles of Ultrasound 
Sound, as a form of energy, has been chosen to interact with the foaming polymeric melt 
and, when irradiated in a controlled way, has become a porosity tailoring agent. The upper 
human audible threshold is 18 kHz (varying with age and gender). Accordingly, frequencies 
beyond 20 kHz are termed ‘ultrasound’. Ultrasound, as any other wave transmitting through 
a material medium, causes the particles of the irradiated medium to be set into vibrational 
motion and gain kinetic energy [154]. The defining equation for a pulsating incident field of 
sound is:  
Current 
Flow 
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)cos()( 0 kxtPPtp A +⋅⋅+= ω     (21) 
Where P0 represents the initial sound pressure in a undisturbed medium (i.e. hydrostatic 
pressure); PA, applied acoustic pressure; ω, angular frequency which depends on the 
frequency of irradiation (ω =2πf); k, wave number; x distance from the source, so the term 
‘kx’ represents the phase angle of the signal. 
For the purpose of this work, a wave was continuously emitted (standing wave within rigid 
boundaries, i.e. walls in between which it was transmitting) from the source. Therefore, the 
defining equation is expressed as [118, 154, 155]: 
)2sin()cos()( 0 tfkxPPtp A ⋅⋅⋅+= π    (22) 
An ultrasonic standing wave is characterised by its frequency and amplitude. Frequency is 
related to period and wavelength. If the medium where the waves are transmitted is known, 
the wavelength, λ, can be calculated by using the relationship:  
f
c=λ       (23) 
Where c is the speed of sound in the medium (e.g. 1480m/s in water at normal conditions of 
temperature and pressure. The speed of sound in water only varies significantly from its 
value in extreme conditions, e.g. the deep ocean [156]); and f, the transducer irradiating 
frequency. Therefore, the spatial position of nodes and antinodes can be localised at one 
half-wavelength (λ/2) apart. 
As the ultrasound travels by sinusoidal waves in the medium, during the positive half of the 
stress cycle, energy is absorbed and during the negative half, energy is given up. 
 
 
 
 
Figure 15: Energy cycle for an irradiated bubble 
This will have a pulsating effect in the polymeric liquid and viscoelastic foam medium, 
where bubbles will bounce when irradiated. The ultrasonic gassing/degassing of the bubbles 
Compression 
Expansion 
Compression 
λ  
antinode 
λ/2 
node 
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in the liquid has been defined as [115, 117-119, 124, 157-159], where p(t) is the 
instantaneous acoustic pressure suffered by the bubble:  
)2sin()( 0 tfPPtp A ⋅⋅±= π     (24) 
3.3.1 Ultrasound attenuation 
Ultrasound attenuates as it progresses through a medium. Assuming no major reflections 
(i.e. ideally avoided by covering all rigid walls in the experimental environment with sound 
absorbent material) the three major causes of attenuation are scattering, absorption and 
diffraction.  
3.3.1.1 Scattering: 
Since clean water is used for the water bath, there are no particles that could produce 
scattering effects, so it is assumed that attenuation of ultrasound due to scattering is 
negligible.  
3.3.1.2 Absorption: 
The same displacement, amplitude (A, m) around the neutral position will happen at any 
distance, x, from the source of energy if attenuation is not considered. However, in real 
cases, attenuation takes place, producing a decrease in amplitude as the distance x increases 
from the source. Attenuation due to absorption is intrinsic by the decay in energy of any 
sound wave travelling through a material medium. On the same plane of irradiation [154], 
the decrement of energy is inversely proportional to the distance from the source and  the 
absorption coefficient, α, (5.10-4 cm-1, for water at 50ºC, 1 atm – working conditions in this 
case): 
dx
I
dIdx
E
dE ⋅⋅−=∝⋅⋅−= αα 2 ;  IE as   ;2     (25) 
If the latter expression is solved by applying the boundary conditions, (I=I0 when x=0), the 
intensity integral becomes:  
)2exp(0 xIIx ⋅⋅−⋅= α      (26) 
And this expression gives the following, since intensity is proportional to the square of the 
amplitude [154, 155]: 
)exp(0 xAAx ⋅−⋅= α      (27) 
In the last two expressions, the subscript ‘x’ represents the magnitude (intensity, amplitude) 
at any point, distance x from the source, and the subscript ‘0’ is the initial value for intensity 
or amplitude.  
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When the irradiation source is localised at a point, the maximum acoustic pressure (P) 
depends on the intensity provided by the ultrasonic device (I), the density of the medium 
(ρ), and speed of sound in that medium (c). For practical purposes, the acoustic pressure is 
expressed in averaged terms (i.e. RMS) and it is usually measured with the aid of a 
hydrophone. 
c
PI RMS⋅= ρ
2
     (28) 
3.3.1.3 Diffraction:  
A travelling soundwave that encounters different materials will diffract (as happens with 
light) and, in its extreme, reflect. The boundary between two materials of different acoustic 
impedances is an acoustic interface, similar to light travelling from continuous medium 1 to 
continuous medium 2. For this research work, the sound waves travelling through water that 
encounter a polystyrene wall and, after that, a viscoelastic foamy medium to propagate, will 
suffer diffraction.  
Acoustic impedance (Z) is the most important acoustic property of a material and it defines 
how it transmits, deflects or refracts sound. Essentially, Z, (units Kg/s.m2 or Rayl) is the 
resistance to displacement of the medium particles by sound.  
cZ ⋅= ρ      (29) 
For plastics and rubbers, Z falls in the interval 1 to 5 MRayls; in particular, polypropylene’s 
impedance is 2.47 MRayls. Impedance of water and air are, respectively, 1.48 MRayls and 
400 Rayls. 
As with light, when sound strikes an acoustic interface, the amount of sound energy that is 
reflected, diffracted and transmitted across the boundary depends on the incidence angle. 
The intensity transmission coefficient (Ta) between a medium with impedance Z1 to another 
medium with impedance Z2, is defined via the relationship [154, 155]: 
2
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4
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⋅⋅=      (30) 
Also well established as a factor to measure the quality of coupling agents (e.g. for 
ultrasonic irradiation in medical applications) is the intensity reflection coefficient (Ra),  
2
21
2
12
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)(
ZZ
ZZRa +
−=      (31) 
Consequently, it can be shown that the greater the difference between the acoustic 
impedances, the higher the reflectivity.  
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In this case of study, the ultrasound was produced by a piezoelectric (PZT) crystal [154, 
156] mounted on a ultrasonic probe that emitted inside an ultrasonic bath. In free-field 
conditions, the transducer horn-tip used in this study moves as a circular piston. This probe 
emitted ultrasound in spherical waves: it propagated sound in all directions in a uniform 
absorbent isotropic medium by a point source having a nominal power, Pm. The intensity of 
the sound is related to the radius by the inverse square law. When an infinitely non-
absorbent medium is used, intensity, I, at any point at a distance, r, from the source is 
obtained by dividing the rate of flow of energy (i.e. power of source) by the total surface 
area of a sphere of radius, r, having the source at its centre:  
24 r
PI m⋅⋅= π       (32) 
3.3.2 Single Bubble behaviour in an acoustic field  
By subjecting a liquid (with a dissolved gas in equilibrium following Henry’s Law, 
C(t)=KH•p(t)) to a sinusoidal irradiation (i.e. sound field with a given pressure, amplitude 
and frequency), cavitation bubbles can be formed and the initially dissolved gas acts as 
nucleation sites for these bubbles [65, 66]. As illustrated in Figure 16, if the subsequent 
expansions/contractions of the bubbles are not too sudden, the cavitation can be maintained 
in a stable regime (i.e. also termed as rectified diffusion). However, if these are not 
constructive, transient cavitation will take place and bubbles implode.  
 
Figure 16: Types of cavitation by an irradiated bubble, based on [98] 
This happens due to two effects [115, 117, 157, 160]: A bubble pumping the gas, initially 
dissolved in the fluid, into its cavity by using the energy of the sound field, will be 
subjected to the phenomena described below when considering Henry’s law conditions (i.e. 
pressure inside of the bubble decreases with concentration): 
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1. ‘Area effect’: during bubble pulsation, the surface of the expanding bubble exposed 
to the irradiating wave is greater than that of the bubble in the compression cycle. 
The amount of gas that enters the bubble during expansion is higher than the 
amount of gas leaving when compressing, so the increment in volume for the bubble 
is positive. The bubble gains a considerable amount of gas over many cycles. 
2. ‘Shell effect’: gas diffusion is controlled by the thickness of the ‘shell’ around the 
bubble (i.e. the diffusion layer). When the bubble expands, the shell becomes 
thinner and the concentration gradient increases. Flow rate increases. When the 
bubble is compressed, the shell is then thicker, and the concentration gradient 
decreases. Flow rate decreases.  
R
PP lb
σ⋅=− 2               (33) 
Equation (33): Laplace’s equation 
Where Pb is the pressure inside of the bubble, Pl, the pressure in the liquid, σ, the surface 
tension and R, is the bubble instantaneous radius. 
For a smaller value of radius, values of ΔP are bigger, and involve more flow rate in order 
to keep the energy equation consistent. 
For a particular frequency of the sound field, there is a threshold of acoustic amplitude 
above which a bubble with a given radius will grow, and below which it will tend to 
dissolve. This threshold is established by a balance of forces, where the most distinctive 
term is the Bjerknes force, which is the force originated from the pressure difference across 
the bubble [117, 161], this is, the pressure gradient generated in a unit volume, averaged in 
time: 
)()( tptVfr ∇⋅−=      (34) 
As p represents the pressure field in a standing wave, the most common expression for the 
Bjerknes force is: 
)sin()sin( tVkxPkf Ar ⋅⋅⋅⋅⋅= ω     (35) 
Equation (35): Bjerknes force for a bubble in a standing wave 
Crum et al. [66, 115, 162] and Apfel [65], among others, have attempted the numerical 
calculation of this threshold or its determination from experimental data [161]. It has been 
demonstrated by both theoretical and experimental studies that these equations adequately 
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predict the threshold of an acoustic pressure value for a gas bubble pulsating in a gassy 
liquid. However, these relationships have been established for single, isolated bubbles in 
water. Therefore, these cannot be immediately applied to a community of bubbles evolving 
dynamically in a viscoelastic medium. When considering polymeric solutions, these defined 
equations have limited applicability and need further research to develop equations that 
cover a variety of conditions (e.g. varying viscosity, damping effect, progressive sound 
attenuation, etc). Section 3.3.3 details the few reported results for such complex systems.  
A dynamic threshold is a better approach versus a minimum value of acoustic pressure 
stated initially and maintained during the process. When a community of bubbles pulsating 
in a polymeric matrix is considered, it seems more appropriate to suppose that a different 
and incremental minimum acoustic pressure will be needed as the rigidity of the bubbles 
shell, then cavities walls, increases with the extension of the polymerization reaction. 
3.3.3 Multi-Bubble behaviour in an acoustic field 
The cell size and distribution within a foam largely determines its mechanical and physical 
properties, as its internal architecture will influence the way the whole artefact will react to 
any loading (e.g. impact, continuously applied pressure, etc). Several factors (e.g. 
temperature, pressure, viscosity range, solubility of blowing agent and nucleating agents, 
etc) can affect the final cell size distribution of a foam [163]. These can influence the 
polymeric matrix of bubbles in many different ways ranging from deforming and shaping 
cells through to coalescence and bursting of bubbles. Once the bubbles solidify, they will 
create cavities and pores. Therefore, any event affecting the initial bubbly mass will 
eventually have an impact onto the final foam architecture.  
Much has been written about motion of a gas bubble in liquid when it is irradiated. 
Translational motion due to buoyancy and drag forces are not significant here since they 
have been defined for bubbles in aqueous solutions and in this case bubbles are pulsating a 
polymeric matrix that constrains their positions in the matrix from an early stage due to a 
“packing effect” (i.e. bubbles grow competing for space). 
In particular, bubble growth rate has been generally predicted and represented by the 
Rayleigh-Plesset equation and its several approximations (e.g. Safar’s, Eller’s, Crum’s, etc) 
[115, 162]. Many researchers have attempted to obtain simplified solutions to this hard-to-
compute equation of motion for the particle surface and generated the following expression 
[116-118, 160]:  
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Equation (36): Rayleigh-Plesset equation for bubble growth in a standing wave 
Where Pg and Pv represent, respectively, gas and partial vapour pressures, the latter assumed 
to be constant during the process.  
However, this expression was developed for ‘free’ bubbles, those which are suspended in a 
Newtonian liquid (i.e. water). On the contrary, the bubbles considered in this study are so 
called ‘shelled’ bubbles, bubbles pulsating in a viscoelastic matrix that offers resistance to 
the bubble’s expansion/contraction induced by ultrasonic irradiation.  
In the context of this work, the expression for encapsulated bubble growth rate (i.e. bubbles 
in a polymeric or starch matrix) by Church [124] and then simplified by Hoff [120], where 
the only variable is the bubble radius, is particularly important.  
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Equation (37): Growth rate for encapsulated bubbles in a standing wave 
In this expression, γ is the polytrophic exponent of the gas, μL the liquid viscosity, dS,0, 
represents the shell thickness at rest and GS and μS are the elastic and viscous shell 
parameters.  
After linearization to second order, Church [124] gave a possible analytical solution, that 
models the variation of the bubbles’ radius with time, of the form: 
)2cos()sin()( 22110 φωφω +⋅⋅⋅++⋅⋅+= tRtRRtR   (38) 
In that same year, Leighton [157] published a similar approach, whose solution also shows 
the harmonic behaviour of the bubble size, which bounces, expanding and shrinking, while 
immersed in an acoustic field. 
[ ] )cos()sin()( 10 φω −⋅⋅⋅−= tkxRRtR    (39) 
Where R0 represents the changes in the time-averaged radius due to the non-linear response 
of the bubble (i.e. the equilibrium radius that the bubble under study oscillates about); R1 
and R2 represent the amplitude of the linear first harmonic and second harmonic pulsation, 
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respectively. R1 is also the radius of a bubble subject to acoustic pressure at the first 
antinode, which is a maximum. φ1, φ2 and φ are angle phases taken relative to the phase of 
the incident acoustic wave. The positive signs in Church’s expression and the negative sign 
in Leighton’s represent the same aspect, but with a different sign convection: in both cases, 
the expressions describe the increment in bubble volume caused by acoustic pressure 
irradiation.  
3.4 Research hypotheses 
Now that the essential theoretical principles related to this research work have been 
presented, the hypotheses driving this investigation can be stated. These will be presented in 
the same order that the theoretical background and state-of-the-art have been introduced. 
The hypotheses proposed here can be summarised in the following statements: 
1. Ultrasound has a sonochemical effect on the reaction, enhancing the reaction rate 
and aiding a faster production of intermediate species to generate the products. 
2. Ultrasound affects convective mass transfer during foaming, especially during rise 
and pre-gelation stage, and enhances diffusion of the blowing agent (i.e. CO2 gas) 
from bubble to bubble in the pre-gelation and post-gelation stages. 
3. Electrical resistivity can be used to monitor the different stages of the foaming 
process with significant variations in measurements produced during the 
polymerisation and drying of the final solid foam.  
4. Ultrasound has a physical effect in the foaming: the (Bjerknes) forces and shear 
stresses applied allow mechanical stirring that decreases viscosity, increases 
flexibility of the cavity walls and aids permeability. This makes the foaming 
polymer less prone to collapse while the mass of gas transfer into the bubbles can be 
sustained for longer time.  
5. Ultrasound influences dissipation of heat by conduction, as this is directly linked to 
the instantaneous density of the foam. A direct consequence of this is the ability that 
ultrasonic irradiation has to reduced “skin” formation in foam billets.  
6. The spatial position of nodes and antinodes are located at one half-wavelength (λ/2) 
apart (Figure 15). Sound travels in a medium at a speed, given by the expression: c 
= f • λ, where value for c in water is 1480m/s (a value which remains constant at 
standard conditions of temperature and pressure). Considering that different media 
transmit sound at different velocity, there is a mismatch expected between the 
theoretical locations of maxima/minima, and the experimental ones, due to the 
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change in the value for λ per acoustic interface (i.e. the boundary between two 
materials of different acoustic impedances, Z1 and Z2). 
7. Acoustic pressure by ultrasound can be tuned in such so that bubbles can pulsate in 
a stable cavitation (i.e. rectified diffusion) state. These bubbles are predisposed to 
pump gas from liquid, so they grow due to positive displacements. The size of the 
bubbles will, under certain conditions, reflect the position of nodes and antinodes in 
the acoustic field and the variation in the acoustic pressure. 
8. When conditions of stable cavitation are established, ultrasound can create porosity 
gradation by producing bubbles of different sizes depending on the acoustic 
pressure that they are subjected to within the standing wave. This allows porosity to 
be engineered.  
9. Under conditions of transient cavitation, the foam will nucleate, grow, coalescence 
and collapse due to the implosion of bubbles. The proposed mechanisms are both 
physical (i.e. extended shear stresses and mechanical stirring that have a degassing 
effect) and sonochemical (i.e. ‘hot spots’ in the matrix that produce undesirable 
chemical reactions that burn the foam).  
These statements are further discussed in the following sections.  
3.4.1 Effects of ultrasound during foaming. Proposed mechanisms 
3.4.1.1 Diffusion and Convection  
The following discussion recalls the equations that define the energy and mass balances for 
each of the stages of the polymeric foaming process.  
Stage B is characterised by convection due to a rapid increase of volume at constant 
pressure. The contributions to the energy balance at this stage are the heat produced due to 
the exothermic reaction and the umbrella term that includes the vaporisation heat of 
solvents and the formation of CO2 from the water. This can be assumed to remain constant 
when fixed quantities of water and acetone are used. It is unlikely that ultrasound plays an 
important role at this stage, since the foam growth is too fast to interact with the ultrasonic 
irradiation in a significant way that could produce a long term effect. If it did, it would aid a 
macroscopic convection of the blowing agent produced and its homogeneous distribution 
into the polymeric meta-stable bulk.  
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Stage C is the one where the largest number of variables contribute in terms of both energy 
and mass transfer, and, therefore, it is when the ultrasonic irradiation might have its biggest 
effect. At this stage, the melted polymer fills the container uniformly, and the cross-linking 
reaction takes place in order to turn bubbles into pores, strengthening the neck of the 
cavities. The opportunity to create a gradient of pore density arises at this stage. The density 
of each element (dx, dy, dz) changes accordingly to the formation of CO2(g) – blowing 
agent- and there is mass exchange (vapour, not liquid) with the neighbouring elements. A 
convective transport of mass and energy is intensified when ultrasound is applied to the 
sample.  
Consideration of the energy balance for this stage shows that the conduction term is the one 
that can be affected and enhanced by ultrasonic radiation. Reported in the literature [142] 
and successively referenced in [143] is the fact that the thermal conductivity, Κ, is a 
function of instant foam density, ρ(t). In other words, the dissipation of energy can be 
accelerated by the ultrasonic radiation, by both conduction and convection. This will 
decrease the difference in temperature (ΔT) at inner locations in the vessel and on the 
perimeter of the sample. A forced dissipation of heat assisted by ultrasound decreases the 
gradient of temperature at the container walls and in turn leads to a minimisation of skin 
formation during processing. This is an important aspect in terms of manufacture since skin 
formation (i.e. a high density layer of the same material) is undesirable in foams for 
structural applications, as the skin has very different mechanical properties from the core 
foam.  
In addition to the convective event, mass-transfer resistance can be decreased with the 
application of ultrasound, as the mass diffusion coefficient (D) will increase. If D can be 
increased, then the formation of the blowing agent can be enhanced [146], by equations (13) 
and (14), dB/dt=f(D). Conversely, the formation of blowing agent/vaporisation of solvents 
suggests D is the variable affected by ultrasound. Therefore, if ultrasound can influence the 
diffusivity, it can also accelerate the formation of CO2, and vice versa, resulting in a 
reaction that is brought to “gelation point” in a shorter time.  
The mechanical work put into the system by ultrasound assists the diffusion by increasing 
the rate of mass flux. Bubbles are subjected to stretching, shearing and compression-
expansion (Bjerknes) forces.  
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Due to the difficulty in testing the viscosity of a polymeric material near the liquid-solid 
transition, many authors have been defending opposing viewpoints during the past 20 years. 
However, recent technological advances are permitting more accurate measurements, and 
the latest published results [141, 164] indicate that viscosity of the polyurethane viscoelastic 
melt is dependent on the shear rate and so a shear-thinning effect (i.e. viscosity decreases 
when shear rate is applied, independently with time) is created. Subsequently, one of the 
underpinning mechanisms in this work is that ultrasound provokes stirring and so the 
viscosity of the PU melt decreases due to its viscoelastic nature and shear-thinning type of 
viscosity. 
At Stage D, ultrasound improves the permeability of the gas through the cavities walls. 
Although its impact on the polymer density is less pronounced than the effect produced in 
Stage C. Convection, even if small compared to conduction, is enhanced too, and both 
contribute to a larger permeability.  
Ultrasound will have no effect on the foam’s porous architecture if irradiated during Stage 
E, because the porous architecture is fully set, the walls rigid and the cavities defined.  
3.4.1.2 Sonochemistry 
The description of the foaming process presented in the previous section suggests that 
kinetics of polyurethane formation is likely to be enhanced as the shear rate is increased 
[141]. However, it is also possible that ultrasound will enhance the chemical activity during 
the polymerisation, extending the influence of ultrasound further than purely mechanical 
and physical effects.  
The hypothesis presented here is that ultrasonic irradiation can enhance the formation of 
radicals (especially OH-) and speed up the reaction via acoustic cavitation which leads to 
the formation of reactive species described in the reactions in the section 3.1.1. 
3.4.2 How ultrasound can tailor porosity. Proposed mechanisms 
3.4.2.1 Stable cavitation in a sonicated field 
It has been stated by many authors, (section 3.3.3), that air bubbles can grow when the 
ultrasonic pressure amplitude is more than a threshold acoustic pressure. The first step in 
this work aims to determine whether polyurethane foam has a similar threshold for acoustic 
pressure below which there is no distinguishable effect on the porous architecture by the 
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ultrasonic irradiation. However a second upper threshold should also exist above which 
implosion and coalescence of bubbles is promoted. Between these two thresholds there is a 
region where acoustic pressure influences bubble size (i.e. ‘stable cavitation’ activity, 
rectified diffusion, promoted) without coalescence (i.e. ‘transient cavitation’, destructive, 
effect).  
The bubble size is strongly connected to the standing wave. Because of the Bjerknes forces, 
and the maximum, in absolute values, of the acoustic pressure defined by the half-
wavelength, the bubbles will grow gradually in the antinode of the standing wave due to the 
enhanced gas diffusion. The vessels containing the reactants will be placed in a sonicated 
field, whose intensity must be mapped within the bath so that known magnitudes of acoustic 
intensity can be related to the resulting porosity.  
The different regions in the standing wave of the sonicated field might produce a variation 
in the bubble size distribution due to differences in the hydrodynamic forces acting on the 
bubble in the wave. The vessels’ location has to be chosen considering that different media 
transmit sound at different velocity, there is a change in the value for λ per acoustic 
interface (i.e. boundary between two materials of different acoustic impedances, Z1 and Z2). 
In addition to acoustic magnitude influencing the porosity gradation, frequency will also be 
tested in order to see whether the rate of bubble growth and, by extension porosity 
distribution, can be modified and tailored.  
3.5 Summary 
As it has been seen from the literature review, there are some applications of stable 
cavitation that have not been investigated yet. One of them, potentially, is porosity tailoring 
in the manufacture of polymeric foams. When the ultrasound is radiated into the polymeric 
melt undergoing foaming, the interaction that takes place at the early stages of the bubble 
growth and the later setting of the matrix, could be used as a porosity modifying agent for 
the polymeric foam. 
After the analysis of both energy and mass balances, it is plausible that ultrasound could 
play an important role in the stages after rise time (when foam grows to its maximum 
height) and before the ‘gelation point’ (Stage C), enhancing the creation of CO2 and 
pulsating cell wall causing it to expand without rupture; and between the gel point and the 
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end of the reaction (Stage D) assisting bubble permeability, convection and assisting gas 
migration. 
The mechanism of fluid friction against the cavities wall is ruled by the ‘Thin boundary 
layer’ theory which states that there is a direct relationship between the transfer of fluid 
momentum to the wall and the transfer of heat by convection. In other words, rates of heat 
transfer are proportional to the shear stress between a fluid and the adjacent cavity wall.  
As viscosity is a function of the shear rate, and PU is a shear-thinning liquid, when the melt 
is stirred, its viscosity decreases, making its viscoelastic walls less prone to collapse. 
Ultrasonic irradiation should produce a lowering in viscosity due to the stirring and heating 
of micro-areas. This gives more flexibility, the internal pressure inside the bubbles 
decreases, and they can grow bigger as a direct outcome. The direct implication is a density 
(mass per unit volume) reduction of those irradiated areas. 
Ultrasound could have an effect because it affects the convection rate and, as the 
conductivity is a function of the density, also the conduction rate. This might provide a tool 
to control the temperature gradient in the reacting vessels walls, permitting minimisation of 
skin thickness. By provoking the bouncing of the bubbles, ultrasound could accelerate the 
mass diffusion and convection effects that are created in stages C, D and, in a small scale, in 
stage B. 
This chapter has detailed some of the types of behaviour which might be expected in 
bubbles pulsating in an acoustic field. Experimentation has been carried out with low 
acoustic power in order to determine whether these effects (i.e. stable cavitation) can be 
quantified in practise. 
These expectations on how and when ultrasound can affect the foaming process will be 
discussed further in the experimental results chapter (Chapter 5). 
   
86 
CHAPTER 4. EXPERIMENTAL INVESTIGATION 
This chapter describes the apparatus and procedures for the experiments conducted to 
investigate the theoretical phenomena identified in Chapter 3. Firstly, a description of the 
methodology for polyurethane foaming is given. Then, a summary of the variables that were 
taken into consideration in the design of a prototype experimental rig are listed and 
discussed, followed by the description of the final design for the experimental rig used in 
this work. The acoustic environment of the apparatus was studied in detail in order to 
determine the experimental characteristics of locations used for the reactant vessels inside 
of the water bath. Each of these locations provided different irradiation conditions for the 
samples, producing a different effect in porosity and cell distribution size.  The chapter ends 
by discussing the issues of quantifying the porosity distribution in the foamed samples, and 
the different alternatives available for image processing of the sonicated foams in order to 
assess both porosity and cell distribution size.     
4.1 Methodology 
Although the formation of the foam has been described already in Chapter 3 in general 
terms, this section provides a detailed description of the procedure used. Figure 17 presents 
the different stages in the foaming process. 
 
 
 
 
 
Degassing 
Catalyst added 
dropwise, stirring for 
70s 
To water bath. Growing 
foam due to reaction. 
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Figure 17: Foam formation in the lab 
1. The polymers used in this study (Dow Pro Series polyurethane Foam, Dow Europe 
GmbH, Switzerland, RS 202-2636), were degassed from the blowing components (i.e. 
Acetone Distilled H2O CO2(gas) 
Stable height 
hmax 
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methane, ether, isobutane) by dissolving in pure acetone. Acetone also assisted in removing 
moisture. It was important that these gases were removed from the mixture to allow control 
of the amount of initially dissolved gas. In this way, the amount of foam produced was only 
a result of the chemical reaction and the production of a known amount of blowing agent 
(CO2(g)).  
In the interval between preparation of the mixture and its foaming, the mixture was stirred 
(introduction of air in the fluid mass was minimum, i.e. without whisking, the bottle was 
rocked on a surface) in order to keep concentration homogeneity and temperature was 
controlled to minimise organic solvent evaporation. In all cases, the diisocyanate content in 
the mixture was rectified to have a fixed 40%. The relation PU-Acetone used was 50/50 
%vol. 
2. The caramel coloured liquid inside of the polypropylene container was placed inside 
the water bath and both thermocouple and conductivity probes inserted at this time (to 
obtain readings of conductivity and temperature when the water, catalyst for the reaction, is 
added). The water bath played a two-fold role in this application: it minimised any extreme 
gradient of temperature inside the container (from the foam to the surroundings and within 
the foam) during its formation to avoid the impact of temperature variation in the porosity 
gradient (sudden condensation of water or evaporation of solvents) and to buffer any build-
up of the temperature due to ultrasonic irradiation. 
3. The polyurethane forming reaction described in Chapter 3 was initialised by the 
addition of warm distilled water, which had the role of catalyst for the reaction and 
chemical blowing agent for the foaming process. This predetermined amount of distilled 
water (20%vol H2O per ml of diisocyanate present in the mixture) was added drop-wise by 
syringe. The solution then turned into a milky brown colour due to the suspension of 
water/acetone droplets, which were perfectly miscible. The mixture was stirred for 70 
seconds using a standard procedure for stirring and minimising air intake into the mixture. 
As described in Chapter 3, the addition of water simultaneously induced the generation of 
urethane and the formation of CO2(gas). Ultrasonic irradiation was commenced at this stage. 
4. Instantaneously to the addition of water, the temperature of the mixture inside the 
container started to increase. The exothermic process kinetics in the acetone-polyurethane 
system is referred to in [165]. After a few seconds, the system reached the vaporisation 
temperature for the acetone (56.6oC approx), which started to evaporate leaving more 
molecules of water free to react and so, increased the production of CO2(gas) (in the 
following referred to also as ‘blowing agent’).  
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5. Rapid cell expansion occurred at the beginning of the reaction due to the high rate 
of CO2(gas) production. The cream time (Stage B) started: the foam began to grow, filling 
homogeneously the volume of the container. Temperature continued to rise, causing super-
saturation of the blowing agent in the reactive mixture, as indicated in Chapter 3 following 
Henry’s Law.  The diffusion of CO2 from the liquid into the formed gas nuclei followed. 
Due to this diffusion into the bubbles, the cell growth produced a liquid mass expansion 
which occurred simultaneously with the polymerisation process.  
6. During the initial stages of the process, the liquid foam was a meta-stable system 
(i.e. being an unstable and transitory but relatively long-lived state) that evolved 
dynamically: during expansion, cell wall thinning might have occurred, provoking 
temporary rupture of these (i.e. partial collapses). As the viscosity increased, cell walls 
became more rigid/less flexible, so the associated bubble pressure increased dramatically. 
This increment in the internal pressure gave rise to the existence of larger tensile stresses on 
the cell surface which may have resulted in cell rupture. During the rising time, bubbles 
were subjected to stretching, shearing and compression forces that could have provoked 
bubble implosion. If the shockwave affected the neighbourhood, it could make them 
implode also, provoking a partial collapse of the foam. Because this takes place at an early 
stage of the foam formation, the foam can recover and grow again, because CO2 is still 
being formed. The diffusion of CO2(gas) among bubbles evolved towards an equilibrium. Gas 
permeated from smaller into larger bubbles because the internal pressure of smaller bubbles 
is higher than those of a bigger size. Cross-linking happened simultaneously to this process.  
7. 5-6 minutes after the reaction started, the stable height of the foam was reached (rise 
time, Stage C). The termination of the foam rise was ascribed to a combination of depletion 
in the CO2 (gas) concentration of the fluid matrix and the increased resistance of the bubble 
wall to expansion. The mixture was very viscous at this stage.  
8. Once the stable height was reached, the production of CO2 (gas) was considered to be 
finished. This happened at the, so called, ‘gelation point’ (end of Stage D). The final 
structure of the foam (cells walls bounding voids) was obtained. Bubbles could neither 
expand nor collapse. The overall reaction continued strengthening the walls: the 
polymerisation of urethane and its cross-linking. The bridges between cells hardened and, 
eventually, the bubbles formed rigid pores. Some bubbles could still float to surface due to 
the hydrodynamic buoyancy force. The foam was still sticky ‘to-the-touch’. 
9. After 10-12 minutes from the start, the foam became a solid and not sticky-to-the-
touch. The temperatures dropped and followed any changes in the water bath. Ultrasonic 
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irradiation was stopped at this point. Samples were kept inside of the bath after the reaction 
finished for an extra 30minutes until the foam had a rigid complexion. This was done to 
avoid sudden changes of temperature that could provoke collapse of the pores due to the 
migration of trapped water vapour and CO2(gas). 
10. Finally, samples were placed in a warm, humidity-controlled closet for 24 hours 
until they were fully cured.  
4.2 Design of experiments 
In this work, the sonication conditions for stable cavitation of polymeric foams have been 
explored. The design of the experimental rig and the experimental planning started with a 
‘trial-and-error’ process to assess the then unknown effects of the ultrasonic irradiation 
when applied to different stages of the foam formation.  
A summary of this has been compiled in Appendix I, where the most important variables 
that were taken into consideration during the design stage of the experimental rig, as well as 
the reaction conditions that had a major impact on the process, are detailed.  
 
 
 
 
 
Figure 18 illustrates the iterative process by which the experimental conditions were 
optimised and the experimental rig developed. 
 
 
 
 
   
90 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18: Flow chart for the design and manufacture process 
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4.3 Experimental rig 
To enable a systematic investigation of the effect of ultrasound on the formation and final 
porosity of polyurethane foam, samples were irradiated in a temperature controlled water 
bath over a range of low frequencies and powers. The following sections detail the 
arrangement of ultrasonic sources/receivers for the experimental sessions and sensors 
within the water bath for the sound field mapping, and the chemical reactants used.  
 
 
 
 
 
 
 
Figure 19: Schematic of the experimental rig, lateral and plan views 
4.3.1 Apparatus  
The schematic shown in Figure 19 illustrates the location of the ultrasonic source and the 
polypropylene container (a material chosen for its similar acoustic impedance to water) that 
holds the reactants (5cm diameter, 7cm height, 0.16mm thickness) within the 4 litres 
(30x15x15cm) water bath (all walls lined to minimise ultrasonic reflection). The container 
was firmly clamped with a lab stand and positioned along the longitudinal axis of the bath. 
The ultrasonic piezoelectric source used were a Bandelin Sonopuls horn, Germany, UW 
3200, irradiated at 20 kHz; and a Coltène/Whaledent Biosonic US100, USA, irradiated at 
25 kHz and 30 kHz. The applied power to these transducers varied depending on the 
experimental series detailed in Chapter 5, Results.  
In order to have both transducer and receiver (i.e. the bubbling polymeric matrix) aligned, 
the sonotrode tip was immersed 2cm below the free surface, on the same plane as the 
central plane of the container, 5cm away from the right wall and in a central location (7.5cm 
from the long sidewalls). The use of the water bath ensured the temperature of the 
environment could be controlled independently of the effects of ultrasound. The bath 
temperature was set at 323K and controlled within +/-1K. Water was used as coupling agent 
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for ultrasound to transmit inside the bath (from the ultrasonic probe to the containers) 
because of its high specific heat. 
Thermocouples were used to monitor the reaction and establish its completion (i.e. after 
peak temperature). They were held in the middle of the mixture foaming in an open-vessel. 
The temperature variation with time was monitored and measured during the reaction with 
the aid of a K-type thermocouple (Farnell, 3mm x 150mm). It was recorded using a data 
acquisition system for each sample. Figure 20 illustrates the temperature record generated 
by an experiment.  
 
Figure 20: Screenshot from the data acquisition software for temperature 
As already mentioned in Chapter 3, the maximum temperature recorded coincided with the 
end of the reaction [139]. This parameter (peak temperature) was used to compare the 
thermodynamics of the reaction for the different sonication conditions.  
Electrical properties of the foams were evaluated in order to monitor the progress of foam 
formation through the different stages, as described earlier in this thesis (section 3.2). 
Electric resistivity of the foams was measured by using a two-probe resistivity measurement 
method. The circuit diagram is presented in Figure 21. In this method, the resistance offered 
by the foam (Qx) to the excitation voltage applied (Base voltage, VBS, 2.5volts DC) across 
the two measuring probes (terminals) immersed in the container where the reaction happens 
was measured. To do that, a potential drop produced by the foam resistance was measured 
after amplification of the signal at the instrumentation amplifier (Op-Amp). The output 
from the logic function in the Op-Amp was collected by the Data Acquisition Card (DAC) 
as shown in Figure 21b. The DAC is also a multi-functional instrument, datalogger and 
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(b) 
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oscilloscope (DS1M12 StingRay, USB Instruments™, EasySync Ltd., UK) and two 
channels could be collected at a time, one for the thermocouple readings and the other one 
for the resistivity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21: (a) Circuit Diagram of the apparatus used in two-probe resistivity measurement method; (b) 
Electronic diagram of the logic used 
 
The size of the copper probes used to measure the electrical resistance were 2mm in 
diameter and 7cm in length, with a fix interval of 39mm between probes. Since the distance 
between these two surfaces was constant (fixed electrode spacing) and the applied 
excitation voltage (VBS) is constant, the electrical resistance of this volume of foam was 
determined by measuring the output potential difference.  
The measured potential difference is related to the applied voltage (VBS) through the 
transference function, f(x), in this Wheatstone bridge by the relationship, 
)(xf
V
V
BS
i =       (40) 
As the signal Vi is very small, an instrumentation amplifier is used. The block diagram for 
this system is as follows: 
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Figure 22: Block diagram for the electrical resistance measuring rig 
 
And hence the relationship between the input voltage and the system parameters (e.g. 
resistors, voltage base) can be expressed as: 
BS
x
x
BSi VQQ
QVxfV ⋅+=⋅= )(       (41) 
GV
QQ
QGVV BS
x
x
io ⋅⋅+=⋅=      (42) 
Solving for Rx and including the numerical values for the gain, (G = 4 + 60/62), the 
supplied potential difference (VBS = 2.5volts) and the reference resistance, (Q = 510 K-
ohms), the value for Qx , in kilo-ohms, is given by the equation: 
 
o
o
oBS
o
x V
kV
VVG
QVQ −
Ω⋅=−⋅
⋅=
419.12
510
    (43) 
Equation (43): Relationship between foam resistance value and output voltage 
 
 
Figure 23: Screenshot from the data acquisition software for potential drop 
 
All mixtures were sonicated in an open-vessel container to avoid the build up of the internal 
pressure due to the water vapour and gases generated by the reaction that could provoke 
unwanted implosion of bubbles. The container faced perpendicularly to the sonicating probe 
and had the opposite 180° of their surface shielded by an absorbent material to diminish 
reflections from the walls and enable investigation of the effects of “direct” sonication. 
Transference 
function: 
f(x)=Qx/(Q+Qx) 
Vi VBS   Vo (Output) G=(4+60/62) 
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During the polymer foaming, the sonication conditions were of ‘far field’ (i.e. pressure 
waves are combined to form a more uniform front that the one in the ‘near field’ [155]). 
This is an area where the ultrasonic beam is more uniform and spreads out in a pattern 
originating from the centre of the transducer. A container located at shorter distances to the 
ultrasonic probe (i.e. ‘near field’), is subjected to wave interference and extensive 
fluctuations in the sound intensity. The advantages of irradiating in the ‘far field’ (instead of 
the ‘near field’) of the sound waves coming from the transducer, is that interferences and 
fluctuations in the sound intensity are diminished. Essentially in ‘far field’ conditions, the 
foam ‘sees’ pressure waves that are combined to form a more uniform front that the one in 
the ‘near field’[155]. 
Pairs of experiments were carried out to test the repeatability of the foaming process. The 
foams were irradiated for 20 minutes in a duty cycle of 2min on/1min off, starting after 
adding the distilled water. The level and frequency of this cyclic irradiation was established 
by initial experimentation (see Appendix I ‘Design of experiments’) and was sufficient to 
induce changes in the foam structure without causing collapse.  
Recalling the basic experimental procedure, it is summarised as follows:  
1. A measured amount of reactant was placed in the container located at a certain 
distance from the sonotrode 
2. The process was initiated by addition of water, which is the chemical blowing agent 
and acted as a catalyst for the reaction 
3. Ultrasound was applied 
4. On completion of the reaction, the foam was left to cure for 48 hours  
5. Once the sonicated foams were fully cured, they were de-moulded and cut in half 
with a coarse-tooth saw and trimmed  
6. The cross-sections were scanned for further analysis. 
4.3.2 Sonication field 
The propagation pattern of the ultrasonic field at each of the frequencies and powers applied 
to the transducers was studied under constant values of ambient temperature and 
atmospheric pressure. This sonication field was also determined by the internal geometry of 
the water bath, the relative position container transducer, and by the attenuating properties 
of the transmitting medium –water–.   
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In order to obtain accurate values of the acoustic pressure required to acoustically excite a 
bubbly polymeric matrix at a specific position within the bath, it was necessary to know the 
spatial variation, layout of the stationary acoustic wave along the x-axis of the bath (Figure 
25). This variation was measured with the use of a calibrated needle-type hydrophone 
(Brüel&Kjær, Denmark, type 8103) that was mounted on a lab stand moving on a rail. The 
hydrophone received the acoustic signal while immersed in the bath at each location and 
sent the electric signal to a data-logger digital oscilloscope (DS1M12 StingRay, USB 
Instruments™, EasySync Ltd., UK) connected to a computer (a Pentium II of 262MB RAM 
with a CPU 300MHz). This allowed assessment of attenuation and local signal strength 
during the irradiation process.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24: Strategy for signal strength mapping within the water bath (measured inside the vessel) 
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Figure 25: Mapping of water bath showing attenuation and partial maxima at half-wavelengths 
Accurate measurement of this profile was necessary to establish the acoustic pressure 
amplitude at each position along the plane of study. This was determined from the voltage 
output, in root mean squared (RMS) mV, of the hydrophone, transformed to acoustic 
pressure, in Pa, using the calibration data on voltage sensitivity (27.8 μV/Pa) provided by 
the calibrating service/manufacturer.  
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To represent the acoustic field at which polymeric mass was subjected to, and to reduce 
effects of the hydrophone itself, the ultrasonic signal within the bath was mapped using a 
shielded hydrophone. The shield was a barrier made of the same material as the vessels that 
hold the chemical reaction. Measurements were taken with increasing distance from the 
horn-tip and on the same horizontal plane of irradiation where the central part of foam 
container was placed. The three working frequencies and every input power used to 
irradiate the foams were tested. Some of the resultant profiles can be seen below (Figure 
26). 
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Figure 26: Acoustic activity in water bath for experimental conditions of frequency and applied power to 
transducer, measured with a hydrophone 
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A decreasing trend in the acoustic activity, i.e. signal intensity, was observed with an 
increase in the distance from the horn tip. These figures show that the stationary wave in 
each case has been distorted and a declining acoustic pressure profile existed due to the 
attenuation of the signal (i.e. absorption of energy by the transmitting medium acting as a 
coupling agent, scattering, reflections, etc [154]). The mapping and control of this pattern 
was of great relevance since, as demonstrated in Chapter 5, the acoustic pressure 
dramatically affected the porosity and cellular structure of the foaming system. 
It can be also seen (Figure 26) that the acoustic activity and the resulting pressure field 
shows intermediate peaks (i.e. partial maxima in pressure at λ/2 distance, and odd multiples, 
from the source). This phenomenon has been reported in the literature [158, 166] and been 
exploited to check the type of cavitation involved in the sonochemical reactor [159, 167]. 
For the piezoelectric device irradiating at 20 kHz in an empty water bath, the half-
wavelength (λ/2) is 3.7 cm; for 25kHz, λ/2 is 2.95 cm, and for 30kHz, λ/2 is 2.45 cm. 
However, the location of these partial maxima and minima were offset along the bath due to 
the diffraction and refraction events that the soundwave front experiences (i.e. liquid-solid-
liquid interfaces, where the solid is the wall of the container where polymer reacted; bath 
walls and free surface of the bath).  
4.3.2.1 Simulation of the acoustic pressure distribution with COMSOL MULTIPHYSICS™ 
The mapping of the water bath using the hydrophone illustrated the complex acoustic field 
within the water bath. In order to better understand the environment inside the bath, a 
numerical model was developed to simulate the propagation of the ultrasound signal within 
the bath.  
The simulation was created using the finite element software package COMSOL 
Multiphysics™ 3.3 (Appendix II reports details of the numerical method used to calculate 
and carry out the simulation and a summary of the parameters chosen for the model). This 
application modelled the different conditions of wave profile type, boundary conditions, 
subdomain nature, locations of vessel, sonotrode intensity, etc.  
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Figure 27: Mapped mesh of the bath in simulator 
The water bath was modelled as a rectangular volume of length 30cm, width 15cm and 
height 15cm. The probe was represented as a cylinder of 13mm diameter and 2cm height 
(Figure 27).  
One of the key parameters of the model was the nature of the boundaries surrounding the 
volume of the bath. To investigate the effect of wall conditions, plots of acoustic pressure 
along sections and lines through the volume were compared for different types of wall. 
Table 4 shows a comparison of modelled values for different simulation scenarios. The 
change from the “spherical wave” to the “cylindrical wave” condition did not significantly 
alter the pattern of the resulting acoustic pressure. Therefore, the model was simulated with 
an irradiated cylindrical wave, as detailed in the technical specifications for the ultrasonic 
probe. The power irradiated by the sonotrode into the bath was set to 150W, equivalent to 
914476.8Pa, for a probe diameter of 13mm. The cross-sections were obtained in the middle 
of the water bath, and the plots along the x coordinate aligned to the sonotrode’s free face 
plane.  
The mesh consisted of 6030 elements and the solver parameters used in this simulation for 
the time stepping were 0:0.5:10s with a relative tolerance of 0.01s. The average solving 
time was 72.6 seconds on a Pentium 4 with 512MB RAM with a CPU 2.40GHz.  
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(a.1) ‘Hard’ walls. Plane 
 
(a.2) ‘Hard’ walls. Plot across the bath 
 
(b.1) Steel walls. Plane 
 
(b.2) Steel walls. Plot across the bath 
 
(c.1) Aluminium walls. Plane 
 
(c.2) Aluminium walls. Plot across the bath 
 
(d.1) ‘Semi-finite’ walls. Plane 
 
(d.2) ‘Semi-finite’ walls. Plot across the bath 
Source Source 
Source 
Source 
Source 
Source 
Source 
Source 
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(e.1) ‘Free field’ walls. Plane 
 
(e.2) ‘Free field’ walls. Plot across the bath 
Table 4: Comparison of acoustic profiles in the modelled water bath 
It can be seen that the shape of the acoustic field was strongly influenced by the boundary 
condition of the walls. In case (a), all walls were ‘hard’ walls (i.e. perfect reflectors) of very 
large acoustic impedance, Z value. In (b), all walls were considered to be made of steel, 
which has an impedance of 45.6x106 Pa.s/m, except the water|air interface (on the surface 
of the tank), which was modelled like a hard wall, due to the reflection coefficient being 
approximately equal to 1 (see Appendix I for explanation; Zwater= 1.48x106 Pa.s/m, Zair=429 
Pa.s/m). To obtain scenario (c), the walls impedance was changed to 20x106 Pa.s/m, the 
typical acoustic impedance of metals such as aluminium, tin, etc. For (d), the conditions 
established were of semi-finite boundaries, this is, quasi-total absorption of sound energy at 
the walls, but maintaining a hard-wall interface with the air. Finally, in (e), conditions were 
of ‘free-field’, those in which the soundwaves propagated without any restriction, like a 
sonotrode irradiating in the sea, without the proximity of the water|air interface. This is 
done by setting all the walls in to a ‘radiation condition’ mode.  
The model values were compared against the experimental results in order to assess the 
model’s suitability for the purpose of this work. Verification of the current model when 
many complex reflections were involved was obviously difficult. However, the extreme 
possibilities could be discarded at this point. The water bath did not behave like option (a), 
where all walls perfectly reflected the soundwaves, or like option (e), where all walls 
perfectly absorbed the sound energy. Both cases are mathematical illustrations of ideal 
cases which helped to validate the model. Real cases are represented by the remaining 
options, (b), (c) and (d). Case (d) of the model, with a semi-finite physical boundary, is 
relatively straightforward. The results can be seen to correlate closely with those reported 
on [158].  
Source 
Source 
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In order to verify the correlation between simulated results and those obtained from 
hydrophone-mapping measurements, similar variables must be compared. As the values 
presented in Figure 26b are in RMS, the model results have to be transformed into 
comparable expressions (i.e. averaged value in time for the acoustic pressure). The sound 
pressure level (in dB), as defined in equation (44), provides a tool for direct correlation 
between experimental and simulated results as it quantifies the change in amplitude level 
[154-156]. The pressure reference is 20x10-6 Pa this case. 
⎟⎟⎠
⎞
⎜⎜⎝
⎛⋅=
0
10log20)( P
PdBL RMSp     (44) 
The three feasible scenarios presented in Table 4 (cases b, c and d) can be shortlisted into 
two (b and d), since (c) is a sub-case of (b). The sound pressure level (Lp) was extracted for 
planes across the bath when aligned to the sonotrode depth (Figure 28a and b).  
(a) Semi-finite boundaries (absorbent ‘soft’ walls) (b) Steel walls (partially ‘hard’ walls) 
Figure 28: Acoustic pressure distributions for two modelled scenarios inside the water bath 
In both cases, a minimum of sound pressure can be seen at 20cm along the bath (15cm 
distant from the probe tip). For the ‘hard walls’ simulation, the sound pressure level drops 
drastically from the probe to the other end of the bath, as the walls absorb the sound. 
However, for the bath modelled with steel walls, the sound pressure stays constant for half 
of the total length of the bath to drop at approximately 20cm and recover in the last 10cm of 
trajectory.  
In order to gain confidence in the model, the acoustic pressure pattern was simulated and 
compared to the results obtained experimentally. As mentioned in section 4.3.2, the 
mapping of the water bath was carried out with the hydrophone shielded with a 
polypropylene barrier in order to extract realistic values of acoustics pressure at which the 
polymeric mixtures were subjected to while foaming. This situation was also modelled with 
Source Source 
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the simulator and values of the acoustic field were obtained. Figure 29 presents the 
comparison of the sound pressure values obtained by the hydrophone when the sonotrode 
irradiated at 150W input (acoustic pressure in RMS -Figure 26b- converted into Lp via 
equation 44) versus the values obtained by the simulator.  
It can be seen in Figure 29 that the model produced credible results when compared with 
the data obtained from the hydrophone mapping. Both series of values present similar 
patterns across the bath. The results suggest that the real case had a hybrid behaviour 
somewhere between hard and soft boundaries (cases b and d). In other words, ideally the 
model would create an acoustic field in an environment with a strong water|air interface and 
reflective walls in the bath. In the proximity of the source (between 5cm and 15cm), the 
behaviour is well represented by ‘hard’ boundaries (Figure 28b), with a minimum value 
between 20 and 22.5cm. Further away from the probe (approx. 25cm along the bath), the 
behaviour of the bath followed that of a ‘soft’ wall model with an increase of the sound 
pressure values. 
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Figure 29: Sound pressure distribution in the yz plane for modelled scenario and experimental rig 
The agreement, in general terms, between the simulated model and the hydrophone 
measurements permitted further investigation to optimise the relative location of the 
sonotrode and the reaction vessels, along with other features such as acoustic signal 
magnitude and boundary conditions for the containers. These results can be found in 
Chapter 5.  
4.4 Verifying the sonochemistry effect by ultrasonic irradiation 
The purpose of the experiment described in this section was to assess whether the 
ultrasound produced a sonochemical effect in the polymerisation cross-linking (i.e. a 
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measurable effect on the sonochemistry of the reaction) simultaneously with the physical 
interaction (i.e. thermo-mechanical effects, stirring).  
The chemistry presented in Chapter 3 showed that water produced extra radicals OH- that 
were available for reaction, along with the hydroxyl groups. The influence of OH- 
concentration in the reaction is under study here by tracking the effect of those radicals on 
the foam (irradiated versus non-irradiated). When water is irradiated with ultrasound, 
acoustic cavitation might induce sonolysis of water and reactive species such as OH- 
radicals could be formed due to thermolysis of water molecules [85, 88, 168].  
This experiment was formulated so that the chemistry of the reaction itself assisted in the 
detection of any effect of ultrasound on the individual reactants involved in the reaction. A 
thorough investigation of the kinematics and thermodynamic features for each of the 
reactants and products involved is not part of the scope of this thesis. However, a closer 
look at the pathway of the polyurethane polymerisation indicates, as explained in Chapter 3, 
that the presence of water molecules in the reaction can initiate, catalyse and, to some 
extend, even control the reaction. If the presence of water molecules could be varied in a 
way that more or fewer of these molecules were available for reaction, a relationship could 
be established and show whether or not ultrasound can have any input in sonochemical 
terms. In order to carry out this investigation, two agents (salt, Sodium chloride, NaCl, 
BDH Chemical Ltd, Poole, UK, and Hydrogen peroxide 20 volumes, Fisher Scientific Ltd, 
Loughboroughshire, UK) were used in the reaction and results were compared to those 
obtained from a control sample.  
a. ‘Salting-out’ effect for PU foam  
With the addition of NaCl salt crystals to the distilled water that was used as a catalyst, 
fewer water molecules were available for the reaction between monomers to produce PU 
and also less water was available to dissolve the acetone molecules in the initial mixture. 
The mechanism was described in [85] as the preference of the water to form hydration 
spheres around the salt ions, instead of remaining available for the polymeric monomers to 
aid reaction and produce  the cross-linking.  
Solutions with a different salt-content (i.e. 10%, 16%, 18%) were prepared to be added as a 
catalyst to the polymeric mixture. The same procedure was repeated for those foams that 
had equal formulation and were sonicated under known conditions of sonication (controlled 
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bath temperature 330K ± 2K, 21W applied power to the transducer at a fixed distance 
(7.4cm) from the containers). 
b. Peroxide effect for PU foam 
In order to produce the opposite effect, that is, to offer more water molecules than are 
normally deployed with pure water, hydrogen peroxide (H2O2) was added to the distilled 
water to act as a catalyst [85]. The reaction benefited from the extra radicals OH- formed on 
the H2O2 sonolysis in the liquid bulk. 
In solution, the equilibrium is H2O2 ↔ 2 OH-. Therefore, along with the hydroxyl (alcohol) 
groups, more OH- radicals are available to react with the isocyanate monomer and produce 
more urethane as well as CO2 gas.  
Aqueous solutions with a different content on H2O2 (10%, 13%, 20%, 30%, 40% v/v) and a 
few drops of pH controller (to maintain an alkaline pH in the solution and facilitate the 
dissociation of H2O2 into OH-) were added to the foams. This experimental procedure was 
followed for both sonicated and non-sonicated foams under the same sonication conditions 
explained in the previous section, when the salt was added. Foam samples were produced in 
duplicate to monitor repeatability. Half of the total samples were sonicated under the same 
irradiation conditions as used in the previous section (i.e. controlled temperature 330K ± 
2K, 21W input to the transducer, fixed distance, 7.4cm). 
Chapter 5 presents the results and these are discussed in Chapter 6. 
4.5 Quantifying porosity distribution in closed-cell polymeric foams: Image 
processing 
As highlighted in section 2.2.4, an effective method of characterising the porosity 
distribution within a material is essential in order to assess the effects of the ultrasound 
irradiation on the cellular structure of the foam. For this work, close-pore foams were 
manufactured and so the methods mentioned in Chapter 2 were not applicable. Porosity 
measures, in the context of this work, should not just reflect an average bulk value, but also 
provide information on the local porosity, pore size distribution and dimensions of the 
necks connecting larger pores. 
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In the search for a reliable and automated method to perform porosity measurements, the 
following four different strategies were surveyed in order to find a suitable method to 
measure porosity and porosity gradient of irradiated foams.  
4.5.1 Quantitative method: QWIN 
The software Leica QWIN is an image analyser optimised for quantitative microscopy 
applications. It uses a statistical approach that computes local features at each pixel in an 
image and derives a set of statistics from the distributions of these features (i.e. mean of 
area, mean of perimeter, standard deviation of selected colour level, standard deviation of 
area). The simplest features to use would be the grey levels and the simplest statistics would 
be the moments of the grey-level histogram of an image or region [169]. For the study of 
polymeric foam cross-sections, this software allowed the use of RGB colour levels and the 
corresponding colour intensity/frequency histogram for finer tuning and more accurate 
results. This method’s limitation is the fact that statistics carried no information regarding 
the relative position of pixels with respect to each other. This drawback had to be overcome 
with manual input from the user, who had to refine the edge-detection operator applied to 
the image.  
The procedure explained next was followed to assess the functionality of QWIN.  
4.5.1.1 Sample preparation  
Once the sonicated foam was cured, it was de-moulded and samples were prepared for 
image analysis to measure porosity. In order to preserve the morphology of the pores, the 
structure needed to be reinforced (due to the brittle nature of the cell walls) prior to cutting. 
The pores had to be filled with a material that could preserve their size and morphology. 
Under this strategy, the foam could be sliced with six transverse cuts in the vertical plane 
(Figure 30) to obtain a minimum of three samples per foam which could be representative 
of its internal structure. The sample sizes were approx 65mm in length, 45mm in breadth, 
and 3mm in width. 
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Figure 30: Foam slicing procedure 
The filling material used was molten liquid paraffin wax. The foam was immersed in a wax 
bath at a temperature just above its melting point. The liquid filled the cavities of the pores 
evenly and the samples were left to cool. The whole process was automated and required 
approximately 24 hours to be completed. Once finished, foams embedded with paraffin 
were mounted onto the saw, sliced with a thickness of 3.0±0.1mm and transferred to a 
paraffin dissolving solution (a mixture of hexane and other solvents) where samples were 
simmered until the paraffin was completely removed and the slice allowed drying.  
  
Figure 31: Samples after paraffin removal 
4.5.1.2 Analysis 
To undertake the image acquisition, a Leica MZ6 Stereo Colour Light microscope equipped 
with a JVC-3CC colour camera was used to acquire digital images of the foam samples. 
Digital images were obtained at a setting of 10 times magnification (object lens 0.63) at 
resolution of 768x603 pixels in JPEG format for image analysis. Since the entire sample 
could not be captured in a single frame, frames were acquired sequentially to cover the 
entire slice, beginning from the upper left to the bottom right in the fashion shown in Figure 
32 [7]. A black sample holder was used under the foam to enhance colour contrast in the 
case of white/yellow foams, and a white sample holder was used when the foam was of a 
Irradiation direction 
as well as cutting plane 
1cm 1cm 
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darker colour (i.e. brown). Depending on the size of the sample, between 20 and 40 images 
were taken for each sample.    
 
 
 
 
 
 
 
Figure 32: Image acquisition strategy 
The digital images obtained were post-processed with QWIN (Figure 33) to estimate the 
quantities of cell wall and void proportions (%). The cell walls were white/yellow and the 
background black in some cases, and brown foam on white background in others. Each cell 
had to be interactively identified and its boundaries, in most of the cases, manually drawn 
by fitting a polygon via mouse input. The image analyser Leica QWIN Standard v.2.6 was 
adjusted to detect the colour of the voids and determine the proportion of foam to void for 
each of the images. 
 
Figure 33: Image Analyser QWIN printscreen 
 
Due to the high number of samples, a Leica QWIN module, the Leica QUIPS, was chosen 
to perform the image analysis because it provides with a means of macro programming. A 
QUIPS routine is a sequence of instructions that perform repetitive image analysis tasks. 
The observation was made that the void area of the cells are a different colour to the walls. 
This difference is sufficient to isolate the cells shown in Figure 33. A macro which 
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contained specific instructions for applying colour filters and a string of various calculations 
to apply to each image was programmed [7] to automate the procedure and final results 
were written in a spreadsheet. These could be used to represent the density (results in %) in 
a 3D graph. Figure 34b presents an example of a foam sample whose density distribution 
was analysed using this methodology.  
Although effective, the method was too labour intensive to be viable for large number of 
samples. The image shown in Figure 34, for example, took 48 hours to create. 
Consequently, other methods for quantifying the distribution of porosity were sought. 
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Figure 34: a) Original sample; b) Correspondent density profile (values in %), being 100% fully solid 
4.5.2 Quantitative method: a4i Docu “Aquinto” 
The bulk density (volume divided by mass) of a foam is indicative of a material’s porosity. 
Therefore, porosity is defined as the fraction of the total volume which is empty, i.e. 
constructed by voids. To a good approximation, changes in foam bulk density are indicative 
of changes in porosity. Since the mass will be proportional to the volume of material, bulk 
density will be directly related to the volume fraction of a foam:  
m
p
V
V=θ      (45) 
Where θ is porosity, Vp volume of pores and Vm volume of material. In the context of a 2D 
image, this relationship is equivalent to 
1cm 
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m
p
A
A=θ      (46) 
 
Where Ap represents the area of pores and Am, the area of the sample. This relationship 
equates the area fraction to porosity.  
Within the sliced samples, the 3D network of the foam structure can be clearly observed 
(Figure 35) because of the differences in colour between the sectioned walls and the darker 
recesses of the cells. However, the image processing software used in preliminary studies, 
were not capable of isolating the cells in the images of the cross-sections due to the 
insufficient variation in colour between the sectioned walls and cavity (Figure 36a).  
(a) (b) 
Figure 35: (a) and (b) Sonicated polyurethane foams 
 
 
 
 
 
 
 
 
(a) Schematic of foam cross-
section 
(b) Masking agent to enhance 
cells walls 
(c) Frame for calculation of area 
fraction 
Figure 36: ‘a4i Docu’ Software-aided procedure for porosity calculation 
To enhance the contrast between cell walls and cavities, a red masking agent was applied to 
the surface of the foam cross-section prior to scanning the samples (Figure 36b). This 
effectively isolated the cellular voids. The stained samples were scanned at a 1500dpi 
resolution on an EPSON Perfection Scanner 1640SU. These images were then analysed 
with the Aquinto (‘a4i Docu’ v.5.0.0 software) which calculated the area fraction, in 
percentage, of the pores by summing the number of red pixels within a region (Figure 36c).  
% of red area 
within frame 
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The frames were centred on the horizontal irradiation plane of the source and encompassed 
the exposed volume of foam. Wall and base of the foam were excluded because in these 
areas local boundary effects influenced the porosity in a non-controlled manner. Similarly, 
the portion of foam that was produced above the water bath was also excluded. This was the 
value used to quantify density for each foam in section 5.4. Figure 37 shows a screenshot of 
the image analysis program’s user interface. 
 
Figure 37: Screenshot of density measurement with ‘a4i Docu’ software for one of the samples 
However, while this measured the overall porosity within the sample, it did not allow the 
variation of local porosity within the cross-section to be quantified. The following section 
describes how quantification of the porosity distribution was obtained.  
4.5.3 Qualitative method: Topo-porosity mapping 
To allow analysis of the density (or porosity) of the heterogeneous sonicated foams and 
delineation of the distribution of the porous formations, an imagine analysis application was 
developed using MatLab™, the “Topo-porosity mapping” tool. Noting that the density in % 
of the foam has been defined [8] as the ratio of the density of the foam to the density of the 
solid material (ρ*/ρs). The density of a foam is indicative of its porosity, (1-ρ*/ρs) in %.  
The purpose was to correlate the topographic distribution of density in each sample with its 
manufacturing features (e.g. sonication power, frequency, location and position in the 
sonicating field). In essence, the program calculates the amount of cell wall material in 
different areas of a cross section of the foam. Points with the same range of density will be 
connected by curves in the same way that contour lines in a topographic map connects 
continuous points of the same altitude. These topographic maps of density provide 
1676 mm2 : Area of sample 
frame 
971mm2 : Area of material 
within the sample frame 
57%: Porosity in %, ratio of 
h l b
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information on the porosity distribution within a foam cross-section, indicating relative 
positions of areas with equivalent porosity. Unlike QWIN, where statistics of features from 
one pixel carry no information on its location, this application brings together both types of 
information, density (or porosity) ratio and location, considering not only the distribution of 
% of voids (porosity) but also the position of pixels with equal or nearly equal density.  
Once the sonicated foams were fully cured, they were de-moulded and cut in half with a 
coarse-tooth saw and trimmed. The coarse-tooth saw guaranteed the preservation of the 
pore structure (pore size and wall thickness) so the extracted samples was representative of 
the bulk material. The program proved more effective at identifying cell walls and so did 
not require the elaborate sample preparation demanded by QWIN. The samples were 
scanned at a 1500dpi resolution on an EPSON Perfection Scanner 1640SU. These images 
were then analysed with the ‘Topo-porosity mapping’ program written at Heriot-Watt 
[170]. In order to isolate the surface plane, the RGB levels of the foam matrix colour picture 
were filtered from the image (Figure 38a). Colour power, colour threshold and intensity 
were also used for fine tuning. Using this filtered image, a grid was applied to the image, 
which counted the pixels and adapted (i.e. reduced or expanded) the size of squares in the 
grid until they matched a given value of intensity. This intensity was set via the mesh 
spacing initially chosen so it reflected the observed distribution of cellular density. The 
image was then pixelated so each grid contained a value which was the number of pixels 
contained in that area. Applying MatLab’s “contour” function, a set of curves, isolines, was 
obtained (Figure 38b) which linked points of equal porosity.  
 
Figure 38: (a) Topo-porosity mapping interface; (b) isoporosity contour lines; (c and d) correspondent 
areas in image analysis and contour lines 
The results were topographic pictures, where points of equal density were joined by contour 
lines. The relative position of these provided information about the rate of change within an 
Porosity
y coordinate
x coordinate 
Density
(a) (b)
(c) (d)
≡
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image. Based on the ratio ρ*/ρs, the contours effectively mapped density distribution where 
a value of 200 was set to be equivalent to the density of solid polyurethane. For areas where 
the colour was red or intense red, the density was higher, so porosity low. For areas where 
colour was blue, porosity was higher. For areas with no lines, or spaces between lines, there 
was no variation of porosity in the samples (given the interval used to generate the plot). 
The following sub-section provides a detailed explanation on how the correlation is done 
between contour line and ‘true’ density. For example, when foam occupied 80% of the total 
volume, the value of the lines was 160, as shown in Figure 38c and Figure 38d. By using 
the same parameters for colour filters and threshold, a comparative study among samples 
could be made.  
4.5.3.1 Calibration of density contour lines 
In order to assess the accuracy in the representation of the density contour lines, a 
comparison between two different techniques for analysing the same sample image was 
performed.  
Figure 34a, image of a foam cross-section, was processed with the ‘Topo-porosity mapping’ 
(Figure 39). The resulting contour map was compared against Figure 34b, porosity 
distribution illustration, as calculated from direct measurements on the sample. 
 
Figure 39: Interface for image analysing of foam slice 
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By comparison of the two processed images (Figure 40), a direct correlation between the 
contour line values and the measured density in the sample can be seen. It needs to be noted 
that the correlation is not linear. A value of 40 in the contour line map represents a 40% of 
density (i.e. 60% of porosity). A value of 100 represents a 55% of density. Likewise, a 
value 160 in the contour lines represents a 90% of density in the foam. In other words, the 
correspondence in areas of low density is very good, but as density increases, the clarity of 
the images and so the accuracy of the MatLab™ application is poor and results a non-linear 
mapping. 
 
(a)                                                                            (b) 
Figure 40: Comparison of images obtained from different techniques: (a) Topo-porosity mapping and 
(b) direct measurement of density 
4.5.3.2 Porosity gradation comparison among samples 
The typical porosity distributions found when foams were irradiated can be characterised by 
these three illustrative examples (Figure 41a). A cross-section of the topographic profile 
was created by recording values parallel to a y-axis which was aligned to the irradiation 
plane of sonication (i.e. aligned with the horn tip) (Figure 41b). This allowed comparison of 
porosity gradient among different foams. The efforts focused on characterising the 
symmetry of those distributions. Taking a ‘OX’ plane to set apart the two halves of the 
curves, as shown in Figure 41b, it can be seen that for foams type 1 and 2 the asymmetry is 
qualitatively obvious to the naked eye. For type 3 foams, both halves of the curve are 
almost symmetrical. These curves were analysed using the trapezoidal rule for numeric 
integrals. The values for the numeric integral obtained from the left half of the foam was 
subtracted to the one on the right, giving a negative number for type 1 foams, a positive 
number for type 2 foams and zero for symmetrical foams (type 3). The degree of symmetry 
for type 3 foams is reported by the number’s closeness to ‘zero value’ once this operation 
has been performed.  
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(a) (b) 
Figure 41: (a) Topographic profile of the foam types 1, 2 and 3; (b) Schematic of the pore distribution for 
each of the foams in (a). (Dashed line represents the irradiation plane, y-value at which this topographic 
profile corresponds) 
 
In general terms, for foam distributions similar to the type 1 foam, the gradient of porosity 
is considered negative, as the porosity decreases from left to right of the picture. For 
distributions like foam 2, the porosity gradient is considered positive, as an increment in 
porosity is detected in the picture. For symmetrical distributions, the value resulting from 
the subtraction lies on the OX axis, as it can be seen in Figure 42. Type 3 foams have the 
characteristic that the foam has a graded distribution from the centre of the foam (large 
porosity) to the outer boundary (small porosity), it is referred to as ‘bell-shape’ porosity 
distributions.  
Foam type 3 
Foam type 2 
Foam type 1 
Symmetry 
axis 
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Figure 42: Illustrative values for quantification of the symmetry degree 
Thus the analysis allowed porosity gradients to be classified into three broad types: foams 
with a positive gradient of porosity, from small size to large pore size; negative porosity 
gradient, from large to small pore size and symmetrical foams with a ‘bell shape’ in their 
porosity distributions.  
4.5.4 Quantitative (possibly also Qualitative) method: micro CT (μ-CT) 
Three-dimensional imaging of cellular materials (e.g. polymeric foams) by synchrotron 
radiation micro tomography (μ-CT) is the most detailed way of measuring a foam internal 
structure without the need for partial (at times, total) destruction of the sample or the 
introduction of a contrast material (as required for other alternative imaging methods, e.g. 
‘a4i Docu’, SEM, etc). The computer tomography system generates a point cloud which is 
then processed by a reconstruction software used to convert the raw data into a volumetric 
image (Figure 43 a, b and c).  
The scanning of the samples presented below was carried out in the microfocus tomography 
system (Skyscan m-CT) at AWE plc (Aldermaston, Reading, UK). The microfocus X-ray 
set was a 225kV X-ray head with a 225 watt target.  The detector was a Perkin Elmer flat 
panel detector with 2000 x 2000 pixel array - 14 bit ADC (analogue to digital convertor) 
and a 200 micron pixel size. The foam was positioned on a turntable platform between the 
X-ray tube and the detector where it was rotated at 0.135290 degree increments.  At each 
increment, a full field X-ray image of the sample was recorded (Figure 44).  For creating 
the figure of the sample presented below, 2661 images were taken. Then, the data was 
analysed using CT Pro, a CT reconstruction software from X-Tek Systems Ltd, (X-Tek 
Group, Tring, Hertsforshire, UK), to produce the volumetric image. 
Further details on the acquisition geometry, filter and reconstructed volume can be found in 
Appendix III. 
-ve gradient 
+ve gradient 
Symmetry 
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(a) Vertical cross-section of foam 1 (b) Volumetric image of sonicated 
foam 2 
(c) Volumetric image of sonicated 
foam 3 
Figure 43: Results from the micro tomography scanning to foam samples irradiated in the lab 
  
Figure 44: Cross-section images of polymeric foams, as obtained with the micro tomography system 
Although the μ-CT images provide an unrivalled tool for examining the distribution of 
porosity in 3D, there is no software available for the quantification of porosity distribution.  
4.5.5 Comparison of methods and selection 
In the search for a method that could provide robust quantification of porosity, the previous 
sections have described four potential methods. Established methods (e.g. liquid or gas 
porosimetry) could not be used due to the close-cell nature of the polyurethane foam used 
here. Although these methods can yield an average pore size distribution, they could not 
generate information about where the pores are and how they are connected. The same 
could be said about two of the image analysis methods examined here: ‘QWIN’ and 
‘Aquinto a4i_Docu’, where the user is highly involved in the process and the typical output 
is a histogram of population measures (i.e. cell size and/or cell wall density).  
The choice of a suitable image processing method is argued in the following paragraphs by 
comparing the results given by all the presented methods, the time consumption and the 
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demand of user input (which intrinsically appears to be a source of errors). A cost-effective, 
automated, user-friendly and accurate image analysis method is required: 
‘QWIN’ and ‘μ-CT’ were both discarded as options for this purpose. Although ‘μ-CT’ 
characterised the foam structure in great detail, no software was available for quantifying 
the 3D structures displayed, and for that reason, it had to be discarded. ‘QWIN’ was 
abandoned because the statistical procedures did not allow a digital input and the process 
could not be fully automated. Therefore, each cell of each sample had to be manually 
identified one at a time. The laborious work that the samples required made it 
impracticable.  
In this particular case, due to the brittle nature of the foam, only a finite number of layers 
could be scanned, therefore the ‘Topo-porosity mapping’ tool was a (2+1)D method. 
The compromised solution was to choose the quantitative method ‘Aquinto a4i_Docu’ for 
the assessment of power influence in porosity for foams. The ‘Topo-porosity mapping’ 
program was preferred for the measurement of tailored porosity in the heterogeneous 
cellular structures. 
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CHAPTER 5. RESULTS 
This chapter presents the data obtained from the experimental rig following the procedure 
explained in Chapter 4. Using these data, values for polymeric matrix conductivity, reaction 
rate, sonochemistry effects, porosity values and their relationship to the irradiation intensity 
will be obtained. Analysis and discussion of these results are presented in Chapter 6.   
In addition to the porosity and its distribution, the influence of sonication power on reaction 
time and conductivity has also been studied. The results are presented in sections 5.1 and 
5.2 of this Chapter. 
5.1 Electrical resistivity of the polymeric matrix 
Electrical resistivity measurements, as described in Chapter 4, proved to be a useful tool in 
this work for monitoring the foaming reaction and obtaining more information about how 
the reaction developed from liquid to solid. Once the foam expansion commenced, 
electrical resistivity was found to increase logarithmically during the cross-linking reaction, 
drying and eventual solid foam formation. It was suggested that this logarithmic phase of 
the resistivity curve could be used to characterise the stages during the foam formation due 
to the direct relationship established to the electrical resistivity.  
In section 4.3.1, the relationship between the potential difference and the electrical 
resistance by the foaming mixture was described. Using equation (43), the value for the 
electrical resistivity, Qx, was obtained. An example of the raw data of foam potential 
difference collected by the data acquisition card (DAC) is shown in Figure 45a, and the 
corresponding values for the electrical resistance, in Figure 45b.  
 
(a) 
 
(b) 
Figure 45: Electrical resistivity: (a) Raw data collected by DAC, (b) Corresponding electrical resistance 
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The arrows on the curve (Figure 45b) locate the phenomena occurring to the polymer as it 
changes from a liquid mixture to a solid cellular structure. As described in section 4.1, the 
polyurethane-acetone mixture is mixed with the catalyst and stirred. The annotated points 
on Figure 45b can be associated with the events as read from the DAC: 
(1). Represents the moment at which the electrical resistivity measuring probes, inserted 
in the vessel, started transmitting data  
(2). At this point, the ultrasonic source was switched on at the frequency and power set 
for the experiment 
(3). Foam had expanded to reach an average height of 5 cm 
(4). Bubbles were rising to the surface of the foam and, on occasions, foam height may 
have oscillated around the final height 
(5). Stable height was reached. Notice here the slight change in the slope for the curve, a 
quasi-inflexion point 
(6). Foam surface was sticky to the touch  
(7). Foam surface was non-sticky and had a springy surface 
(8). Temperature did not show any variation and the bath temperature was read. 
Reaction was finished 
(9). Logging was stopped 
5.1.1 Electrical resistance monitors the foaming process  
The resistance, Qx (Ω), of the foaming material is related to the applied voltage, VBS (mV) 
by equation (43), in Chapter 4. This resistance is also defined by equation (20), in Chapter3. 
In that expression, δ is the dielectric property of the material, measured in ohms per metre 
(Ωm), L the material-length distance between measuring probes, in metres (m), and A the 
cross-sectional area of the specimen, surface area of foam in between the measuring probes, 
in square metres (m2).  
As already mentioned in section 3.2.1, the dielectric constant, δ, is assumed to vary with the 
increment of viscosity. In the study of polymeric foam undergoing foaming, the initial 
value, δ0, and variation with time for δ is unknown. Conversely, as the variation (Qx/L) with 
time was measured, the variation of the ratio (δ/A) with time can be obtained from equation 
(47).  
   
121 
dt
A
dt
L
Qx ⎟⎠
⎞⎜⎝
⎛=⎟⎠
⎞⎜⎝
⎛ δ     (47) 
Although at any given moment the exact values of δ, L and A are unknown, the variation of 
Qx was monitored. And if the conductive path length (L) between the probes is regarded as 
approximately constant, then variations in Qx can be explained in terms of δ and A. In other 
words, the variation of (Qx/L) with time should equal the change in (δ/A) over the course of 
the reaction. Figure 46 shows a minimum value for (Qx/L) when the foam texture was just a 
viscous mass of bubbles. From that instant, the cross-linking commenced and the bubbles 
started forming cells, which eventually formed pores. When the solid was formed, the 
maximum value for (Qx/L) was at the asymptote. The dielectric property of the foam 
decreased due to the effect of cavity formation (i.e. porosity) on the cross-sectional area 
between the probes as follows:  
(1). At initial time, t=0, the value for A (Ao) was known because the proportion of the 
amount of liquid prepared to react to its depth in the vessel. 
(2). The value for A approached a maximum when the bubbly mixture in the vessel 
wetted up to the maximum height of the resistivity pens (copper pens).  
(3). After the peak (at point (4) in Figure 45b), the wetted height of the conductivity 
pens was fixed, and therefore, the cross-sectional area of foam, A, decreased due to 
the cross-linking in the foam and cavity formation.  
(4). Once the reaction had finished, the value for A (Afinal) was unknown, but assumed 
to be a minimum value as the foam had its final porosity set.  
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Figure 46: Time variation of electrical resistivity per m, (Qx/L) 
The conclusion that can be drawn is that the variation of electrical resistivity in the mixture 
reflects the foam formation stages: cream time, gelation time, rising time and end of 
reaction.  The disadvantage of this method is the poor accuracy due to the delayed response 
that the system might have at initial times, when diffusion of the water was occurring at a 
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very fast rate and the foam was undergoing alternated stages of growing/micro-collapsing. 
Another disadvantage lies within the intrinsic structure of the foam. Foams might be 
anisotropic, i.e. the measured resistivity for the mass of foam between the resistivity pens 
could vary largely with location and orientation in the bulk of the foam.  
5.2 Reaction rate  
This section summarises the results from the experiments to assess the influence of acoustic 
pressure on the reaction rate for the polymeric samples. To do this, the electrical resistivity 
and the temperature were monitored simultaneously in the reaction.  
Both electrical resistivity and temperature signals were logged and recorded using two 
different channels (see section 4.3.1) and the variation of these provided information about 
the time at which the reaction was completed (i.e. reaction time). The comparison of the 
two graphs for each foam sample tested the point at which the reaction ended (Figure 47).  
Figure 47: Temperature and resistivity measurements to locate end of reaction 
Both curves simultaneously changed at the point when the reaction was finished: 
temperature dropped and from that point onwards, it tended towards the bath temperature. 
Electrical resistivity became asymptotic at that point. The variations in temperature were 
difficult to assess due to the small range of values that were recorded (i.e. small difference 
between maximum value and bath temperature) and the large “inertia” that temperature 
readings had due to the high specific heat value of the water surrounding the reaction 
container in the bath. Resistivity readings varied in a broader range, therefore it was easier 
to identify any variations and so results could be interpreted with less ambiguity.      
The total reaction time for the samples to become fully solid polyurethane foams was 10-
14min, in average. Using the resistivity variation with time (already presented in section 
(a) (b) 
1192 1192 
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5.1), these values could be fitted to a curve of the form ‘y=a ln(x) +b’. Then, the ‘a’ 
coefficient of that function was used to compare different sets of experiments in order to 
study the influence of ultrasonic irradiation magnitude on the development of the reaction 
(Figure 48). 
 
 
 
 
 
 
 
 
 
 
Figure 48: Logarithmic phase of the resistivity with different slope 'a' 
For example, when the ‘a’ coefficient from the samples irradiated at 20 kHz was plotted 
against the acoustic pressure values (measured with the hydrophone) that they were subject 
to, a clear incremental trend can be observed (Figure 49).  
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Figure 49: 'a' value for different samples irradiated at 20kHz 
An example of how ultrasound affected the resistivity values during the drying stage is 
shown in Figure 50. When the ‘resistivity vs time’ plot is examined in detail (Figure 50b), it 
can be observed the small change in resistivity when irradiation is applied. As described in 
section 4.3, the ultrasound was applied in a 2min on/1 min off fashion. The curve sections 
with a steeper slope corresponded to those periods when the ultrasonic probe was switched 
on, and the less steep sections of the curve, to the 1min-off periods. This shows a direct 
influence of the ultrasonic irradiation on the drying (at the macroscopic scale) stage, where 
ultrasound (either by pure stirring of the CO2 gas, inflation of the cavities, enhancement of 
R
es
is
tiv
ity
 
Time, t, s 
End of reaction
Start of reaction
a1
a2
a3
Value a1 > a2 > a3 
   
124 
5500
5800
6100
6400
6700
7000
7300
7600
0 500 1000 1500 2000 2500
#  samples, 0.5 samples per second
R
es
is
tiv
ity
, m
V
6100
6300
6500
6700
6900
500 1000 1500 2000 2500
# samples, 0.5 samples per second
R
es
is
tiv
ity
, m
V
1min off 
2min 
on
1min off 
2min 
on
1min off 
2min 
on 
1min off 
2min 
on
1min 
off 
the cross-linking, or a combination of these) has a bulk effect on the mixture. Unfortunately, 
there was no data available to conclude on the relationship between frequency and reaction 
rate.  
 
 
 
 
 
 
 
 
 
Figure 50: a) Ultrasound influence on reaction time; b) Detail 
As a conclusion to this section, it can be said that the foaming stages (especially the drying 
phase) were accelerated when the acoustic pressure was applied to the sample. The value of 
the ‘a’ coefficient increased directly with the acoustic pressure applied. Consequently, for 
the same overall curing time for a foam, the ‘gelation point’ was reached sooner in those 
samples where a larger acoustic pressure was irradiated during the reaction. 
5.3 Sonochemistry 
The verification of the sonochemistry in the polyurethane reaction was done by comparing 
the values of the ‘a’ coefficient for the sonicated and non-sonicated batches. Figure 51 
shows the values for the samples whose catalyst was either a salt solution, a perodixe 
enriched mixture or pure distilled water.  
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Figure 51: Sonochemistry effects for polymerisation reaction 
The point on the x-axis labelled ‘100% of water molecules available to react’ refers to the 
use of distilled water as a catalyst. For values lower than 100% of water molecules available 
to react, the catalyst added in each case was a solution of NaCl in water (the lesser the % of 
Peroxide Salt 
Pure 
water
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molecules available indicate the more quantity of salt dissolved), as explained in section 
4.4. On the contrary, for % of water molecules available higher than 100%, the solutions 
used were various % of hydrogen perodixe dissolved in water, as also explained in section 
4.4. The hydrogen peroxide enhanced the production of hydroxyl groups to be used up in 
the reaction.  
In general, for both batches (sonicated and non-sonicated), when the reaction was catalysed 
with the salt solution, the reaction ended faster than when there were more water molecules 
available to the reactants. This result was expected because, if the hypothesis presented in 
section 4.4 is true, a smaller amount of one of the reactants made the reaction finish in a 
shorter time.  
Likewise, when the catalyst added was the peroxide, more molecules of water were 
available to react. Therefore, the reaction took a longer time to complete and fully consume 
all the reactants available in solution. When compared to samples whose catalyst had been 
pure water, or salt solutions, this reaction time was longer.   
It also needs to be noted that, for higher % of salt (>18%) and peroxide (>40%v/v) content 
in the solution added as a catalyst, the polymeric mixtures did not foam properly due to the 
unbalance produced by an excess of salt (which provoked a ‘leaching effect’: i.e. axial 
channels were created in the foam instead of pores) and peroxide (an excess of which 
produced an extended reduction –pyrolisis- and samples had a “burnt” final appearance). 
When the samples were irradiated with ultrasound under the conditions explained in section 
4.4, a general ‘slow down’ effect was produced on all the samples. They reached their 
‘gelation point’ later than non-sonicated specimens. Another observation that can be 
extracted from Figure 51 is the fact that sonicated ‘salt’ mixtures and non-sonicated 
‘peroxide’ mixtures have equal ‘a’ coefficient values. This implies that ‘peroxide’ (i.e. 
water-enriched) samples took the same time to react as those sonicated ‘salt’ (i.e. water-
depleted) samples. This phenomenon can be explained by the variation in water vapour for 
each of the mixtures. The alteration of the physicochemical properties of the aqueous 
reaction mixture by the addition of salt in the reaction mixture resulted in a reduction of 
vapour pressure and increased surface tension, promoting a faster rate for the reaction 
(reaction ended very quickly). The contrary effect occurred when the peroxide was added, 
when the vapour pressure was increased and this supported the reaction for longer periods 
of time. 
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In the ‘salting-out’ case, samples tended to have bigger pores in the areas directly exposed 
to the ultrasonic probe. It is thought that walls thinned when sonicated due to the stirring 
effect of ultrasound. The cellular structure was stiffer when compared with non-sonicated 
samples. In the ‘peroxide’ case, when irradiated, foams tended to form better cellular 
structures, more clearly defined walls. Those areas directly facing ultrasound had usually, 
on average, a bigger pore size. 
Therefore, it can be concluded that the drainage rate (i.e. liquid flow through the interstitial 
volume between the bubbles) was faster for a salt-solution type of catalyst. This is because 
the available water molecules were consumed and there was none available for further 
stages of the reaction. The drainage rate value was slower for the case with pure water as a 
catalyst, and finally the smallest rate was for those samples when peroxide was used. 
5.4 Effect of ultrasound on porosity 
In this section, the influence of ultrasound intensity on the bulk cellular structure of the 
foams is described. To undertake this study, a series of frequencies and acoustic pressures 
(as measured by the hydrophone) were applied to polymeric melts undergoing foaming in a 
water bath. 
The following describes the results of a series of experiments to investigate: 
1. Porosity as a function of applied acoustic pressure for a given frequency: the 
acoustic pressure from each applied power ‘seen’ by the sample was varied by 
placing the vessel at different locations in the bath. The corresponding pressure was 
determined by the signal magnitude map at distances 7.4, 11.1, 12.95, 14.80, 16.65 
and 20.35cm from the ultrasonic probe.  
2. Porosity as a function of frequency for equal acoustic pressure: the selected 
frequencies were 20, 25 and 30 kHz. In order to study porosity as a function of 
frequency, the location of the vessel was fixed at the first half-wavelength distance 
external to the vessel’s axis, varying the applied power onto the sonotrode so that 
the same wave amplitude (i.e. acoustic pressure amplitude) was obtained. 
The porosity was measured using the a4i Docu “Aquinto” method, described in section 
4.5.2. In this way, the porosity was measured on the area of the irradiation plane (4cm 
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below free surface which was the depth of transducer’s tip) and ±1.5cm around that axial 
plane of sonication. 
5.4.1 Porosity as a function of applied acoustic pressure for a given frequency 
The following table summarises the experimental parameters. 
 Acoustic Pressure, Pa 
distance, cm 20 kHz, 75W 20 kHz, 150W 25 kHz, 67W 30 kHz, 55W  
7.40 24971.22 33517.99 7654.68 8676.26 
11.10 18575.54 28345.32 6302.16 7733.81 
12.95 17143.88 28223.02 5035.97 7460.43 
14.80 14568.35 25748.20 4273.38 8446.04 
16.65 12748.20 23496.40 5402.88 7884.89 
20.35 12064.75 22258.99 5107.91 - 
Table 5: Experimental parameters for the series porosity vs acoustic pressure 
5.4.1.1 Porosity of foams irradiated at 20 kHz and applied horn power of 75W  
Figure 52 presents six photographs of the central region in sonicated foams, from left to 
right, then down, at the working distances. 
 
(a) Pressure: 24971.22 Pa 
 
(b) Pressure: 18575.54 Pa 
 
(c) Pressure: 17143.88 Pa 
 
(d) Pressure: 14568.35 Pa (e) Pressure: 12748.20 Pa (f) Pressure: 12064.75 Pa 
Figure 52: Selected frames of foams sonicated at 7.4, 11.1, 12.95, 14.80, 16.65 and 20.35cm from the 
probe radiating at a frequency of 20kHz and with horn power 75W 
The area fraction of a region (i.e. ±1.5cm) around the axial plane of sonication (i.e. the 
depth of the transducer’s tip) for foams sonicated at 7.4, 11.1, 12.95, 14.80, 16.65 and 
1 cm 
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20.35cm distant from the probe was used to characterise the porosity of each sample. 
Plotting these values against measured signal strength at each sample location (Figure 26a) 
a linear relationship can be observed (Figure 53).  
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Figure 53: % porosity for samples irradiated at 20kHz and 75W 
 
5.4.1.2 Porosity of foams irradiated at 20 kHz and applied horn power of 150W 
The procedure was repeated using an applied power to the transducer of 150W for the same 
frequency. Again, the porosity values from the image analysis were correlated with the 
acoustic pressure measured at each location and plotted in Figure 55. 
(a) Pressure: 33517.99 Pa (b) Pressure: 28345.32 Pa (c) Pressure: 28223.02 Pa 
(d) Pressure: 25748.20 Pa 
 
(e) Pressure: 23496.40 Pa (f) Pressure: 22258.99 Pa 
Figure 54: Foams sonicated at 7.4, 11.1, 12.95, 14.80, 16.65 and 20.35cm from the probe radiating at a 
frequency 20kHz and with horn power 150W 
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Figure 55: % porosity for samples irradiated at 20kHz and 150W 
 
5.4.1.3 Porosity of foams irradiated at 25 kHz and applied horn power of 67W 
 
(a) Pressure: 7654.68 Pa 
 
(b) Pressure: 6302.16 Pa 
 
(c) Pressure: 5035.97 Pa 
 
(d) Pressure: 4273.38 Pa 
 
(e) Pressure: 5402.88 Pa 
 
(f) Pressure: 5107.91 Pa 
Figure 56: Foams sonicated at 7.4, 11.1, 12.95, 14.80, 16.65 and 20.35cm from the probe radiating at a 
frequency 25kHz and with horn power 67W 
Likewise, the porosity values from the image analysis were plotted against acoustic pressure 
at each location along the bath for values of 25 kHz and applied power of 67W. Again, the 
results plotted in Figure 57 suggest a linear relationship between porosity and acoustic 
pressure.  
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Applied power 67W and 25kHz frequency
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Figure 57: % porosity for samples irradiated at 25kHz and 67W 
5.4.1.4 Porosity of foams irradiated at 30 kHz and applied horn power of 55W 
The same process was used here to investigate the relationship between porosity values 
obtained via the image analysis and the measured power in the water bath for samples 
irradiated at a frequency of 30 kHz and an applied power to the transducer of 55W.  
 
(a) Pressure: 8676.26 Pa 
 
(b) Pressure: 7733.81 Pa 
 
(c) Pressure: 7460.43 Pa 
 
(d) Pressure: 8446.04 Pa 
 
(e) Pressure: 7884.89 Pa 
Figure 58: Foams sonicated at 7.4, 11.1, 12.95, 14.80 and 16.65cm from the probe radiating at a 
frequency 30kHz and with horn power of 55W 
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Figure 59: % porosity for samples irradiated at 30kHz and 55W 
 
5.4.2 Porosity as a function of frequency for equal acoustic pressure 
The selected power applied to the transducer for this series of experiments was adjusted in 
order to obtain an equal value of acoustic pressure (i.e. signal magnitude) when the distance 
was each frequency’s first half-wavelength distance external to the vessel. The acoustic 
pressure was 8750 Pa (7% tolerance) for 20 kHz located at 11.1cm from the transducer; for 
25 kHz, at 8.85cm; and for 30 kHz at 7.35cm. Values of porosity versus frequency are 
plotted in Figure 61. 
(a) 20 kHz (b) 25 kHz (c) 30 kHz 
Figure 60: Sonicated foams at 55W and at first maximum and 20, 25, 30kHz, respectively 
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Figure 61: % porosity for samples irradiated at same acoustic pressure with different frequencies 
 
Conclusion to sections 5.4.1 and 5.4.2: For constant frequency and decreasing irradiation 
power (e.g. increasing distance), the porosity in the bulk of the sample is reduced. This is 
related to the attenuation of the signal inside the water bath with increasing distance from 
the probe, and the fact that the sonicating field becomes “unfocused”: direct irradiation is 
mixed with secondary (scattered, reflected) waves. In other words, the samples produced at 
a greater distance between source and sample show more attenuated effects of acoustic 
pressure and consequently the signs of stable cavitation are less evident.  
When analysing the effect of frequency for a given power and distance, it can be seen that 
the 20kHz frequency presents lower porosity values than the foams sonicated at 25kHz, and 
these in turn are less than the ones sonicated at 30kHz. The penetration power for 30kHz is 
higher than for 25 and 20kHz. Therefore, when the frequency increases, the pore size also 
increases. 
5.4.3 Effect of ultrasound on porosity: other example of foams 
An investigation was also undertaken to assess the effects of high power ultrasound on a 
different formulation for the polyurethane and silicone foam. All the reactants were 
provided by an industrial collaborator, which supplied in-house formulations (per 100g of 
polyol: 135g of isocyanate (for an index of 115), 1g of surfactant and 0.4g of catalyst). The 
foams were irradiated at a fixed frequency of 20kHz, constant 150W input to the transducer 
and a fixed distance to the probe of 7.4cm, inside of the water bath, where temperature was 
kept constant and the acoustic pressure value read by the hydrophone was 35000Pa. 
Samples were produced in duplicate and those sonicated samples compared to non-
sonicated ones produced under the same experimental conditions of temperature in the bath, 
room temperature, humidity, etc. 
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This system was also tested for foams of a different nature. Silicone foam reactants, in-
house formulated by the industrial collaborator, were supplied for ultrasonic testing. The 
proportion was 20g resin to 1g catalyst. The irradiating conditions were equal to the 
previous ones (20kHz frequency, 35000Pa acoustic pressure), except the bath temperature, 
which was kept constant at 17ºC due to manufacturing reasons for this specific group of 
foams. The effect can be seen in Figure 63. More details on the effect of sonication on 
porosity for PDMS were compiled in [171]. 
  
(a) Non sonicated PDMS sample. Ratio 13% 
porosity (b) Sonicated PDMS sample. Ratio 6% porosity 
Figure 63: PDMS foams with degassing effect from ultrasonic irradiation 
Conclusion: At higher values of applied acoustic pressure (i.e. high sonication power), the 
effect observed on the foams was a pronounced degassing. The ultrasound had a mechanical 
effect on the matrix and this homogenised the sample. It is thought that the outcome is 
related to the point at which cavitation becomes transient (i.e. bubbles implode), and below 
that level, the effect is of stable cavitation, as seen in previous sections.  
  
(a) Non sonicated PU sample. Ratio 3% porosity (b) Sonicated PU sample. Ratio 2% porosity 
Figure 62: PU foams with degassing effect from ultrasonic irradiation 
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5.5 Porosity engineering of polymeric foams by localised sonication. Tailoring 
heterogeneous cellular structures 
The method used to quantify porosity distribution in polymeric foams was the one based on 
the MatLab™ based image processing software already presented in section 4.5.3, the 
‘Topo-porosity mapping’ tool. This method allowed the measurement of the pore size 
distribution within the irradiated samples. Topographic maps were produced for each foam 
under analysis and the irradiation plane curves were intersected and isolated for further 
numerical study. The comparison of those lines, which connected points of same density for 
each polymeric foam, were performed through examination of their topographic profiles. In 
a later stage of this section, when tailoring porosity becomes the main focus, numerical 
analysis techniques were employed in order to quantify the topographic profiles in a way 
that both position and value could be linked.  
5.5.1 Sonication threshold for heterogeneous foams 
This section describes the results of the quantification of heterogeneity in foams produced 
in a controlled sound field. As explained in Chapter 4, the foams were located in the bath at 
positions where the acoustic pressure was known. Therefore, a direct relationship between 
porosity distribution and acoustic pressure could be established. 
To begin with, the low threshold of sonication (i.e. the minimum acoustic pressure at which 
ultrasound has any distinguishable effect on the foam porosity distribution) was established. 
In other words, if a foam was sonicated at higher acoustic pressure than the threshold one, 
the internal structure which resulted was more heterogeneous.  
The low acoustic pressure threshold was established for each of the working frequencies. 
Once the threshold had been established, the relationship between porosity gradient and the 
intensive variables of the system (i.e. frequency, intensity) could be studied and related to 
the porous structure for the sonicated polymeric foams.  
5.5.1.1 Foams irradiated at 20 kHz 
 
(a) Pressure: 8500 Pa 
 
(b) Pressure: 7500 Pa 
 
(c) Pressure: 6800 Pa 
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(d) Pressure: 6500 Pa 
 
(e) Pressure: 5900 Pa 
 
(f) Pressure: 5400 Pa 
 
 (g) Pressure: 4900 Pa 
Figure 64: Foams sonicated at decreasing acoustic pressure amplitude from the probe radiating a 
frequency 20kHz soundwave 
 
Performing the intersection between the topographic profile of the sample images and the 
plane of sonication, aligned with the horn tip (when h is 1000), graphs that allowed 
comparison of porosity gradient among different foams could be isolated. 
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Figure 65: Topographic lines intersecting the irradiation plane for samples irradiated at 20kHz 
 
These curves were analysed using the trapezoidal rule for numerical integrals and quantified 
the area bounded under the topographic lines.  
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Figure 66: Quantification of heterogeneity in irradiated foams at 20kHz 
 
5.5.1.2 Foams irradiated at 25 kHz 
Procedure was followed in the same way for an irradiation frequency of 25 kHz. 
 
(a) Pressure: 8600 Pa 
 
(b) Pressure: 7700 Pa 
 
(c) Pressure: 6300 Pa 
 
(d) Pressure: 5400 Pa 
 
(e) Pressure: 5100 Pa 
 
(f) Pressure: 5000 Pa 
 
(g) Pressure: 4300 Pa 
 
(h) Pressure: 4300 Pa 
Figure 67: Foams sonicated at decreasing acoustic pressure magnitude and probe radiating at frequency 
25kHz 
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25kHz :: Topographic lines aligned to irradiation plane
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Figure 68: Topographic lines intersecting the irradiation plane for samples irradiated at 25kHz 
 
25kHz
0.00E+00
5.00E+04
1.00E+05
1.50E+05
2.00E+05
2.50E+05
3.00E+05
3000 4000 5000 6000 7000 8000 9000
Acoustic Pressure, Pa
N
um
er
ic
 In
te
gr
al
 v
al
ue
 
Figure 69: Quantification of heterogeneity in irradiated foams at 25kHz 
 
5.5.1.3 Foams irradiated at 30 kHz 
 
(a) Pressure: 8900 Pa 
 
(b) Pressure: 8700 Pa 
 
c) Pressure: 8600 Pa 
 
(d) Pressure: 8500 Pa 
 
(e) Pressure: 7900 Pa 
 
(f) Pressure: 7700 Pa 
a 
e 
d c 
b 
f g 
h 
   
138 
 
g) Pressure: 7500 Pa 
 
(h) Pressure: 6600 Pa 
Figure 70: Foams sonicated at decreasing acoustic pressure amplitude and probe radiating at frequency 
30kHz 
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Figure 71: Topographic lines intersecting the irradiation plane for samples irradiated at 30kHz 
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Figure 72: Quantification of heterogeneity in irradiated foams at 30kHz 
 
Conclusion to section 5.5.1: For all frequencies tested, the diagrams show a minimum value 
of acoustic pressure below which a constant value of heterogeneity (or else, homogeneity in 
this case) was achieved. When the porosity gradation was not distinguishable for values 
below a certain acoustic pressure, that was considered to be the threshold for porosity 
engineering gradation (approx 6000Pa for 20 kHz and approx 5500Pa for 25 kHz). This 
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value was not as clear when samples were radiated at 30 kHz. It is believed that the 
threshold lies under the acoustic pressure tested, and this limitation was imposed by the 
experimental rig itself. In other words, the ultrasonic probe used in this work did not allow 
lower input powers required to investigate this area of the acoustic pressure range.  
The results indicate that the porosity gradient increased directly with the acoustic pressure 
at which the samples were subjected to.  
5.5.2 Tailoring porosity 
The cross-sections shown in Figure 73 were obtained from foams irradiated when the 
ultrasonic probe was located on their left-hand side. The main difference between them lies 
in the distribution of the material: the porosity gradation. As mentioned in section 4.5.3.2, 
the irradiated foams’ porosity distribution can be classified into three types: foams type 1, 2 
and 3 (see Figure 41a). In type 1 foams (Figure 73a), the porosity gradient is negative 
because the pore size varies from large (left side) to small (right side). Type 2 foams (Figure 
73b) present a positive porosity gradient, from small to big pore size. For type 3 foams 
(Figure 73c), the distribution seems to follow a symmetric distribution, with an outer 
perimeter of lower porosity density than the inner volume.  
 
(a) 
 
(b) (c) 
Figure 73: Cross-section of sonicated foams at different experimental conditions 
A direct link is thought to exist between the soundwave topology (e.g. amplitude, 
wavelength, location of maxima, antinodes, minima of energy, nodes, etc) and the porosity 
distributions in the samples. In order to establish a correlation between the gradient in the 
sample’s porosity distribution and their position within the acoustic field, a series of 
experiments were carried out. The vessel locations chosen for this experimental series were 
in the region near the probe where the decay of the acoustic signal (i.e. attenuation) could 
be neglected or was within a tolerance range (i.e. less than 15cm, Figure 29). Three series of 
experiments were performed, one for each of the working frequencies (20, 25 and 30 kHz). 
1 cm 
   
140 
As explained in section 4.5.3.2, a numeric integration was used to calculate the area under 
the curves obtained from the topography of the sample’s cross-section. A degree of 
symmetry was estimated for the samples.  
The results presented below are the topographic surfaces of the sonicated foams, the 
correspondent slices to the irradiation plane (2.5cm from the free surface) and the symmetry 
determination (i.e. porosity gradient) which have been calculated by the numeric integrals 
(i.e. area under the curves).  
5.5.2.1 Tailoring porosity for 20 kHz 
 
 
Figure 74: Sketch of standing wave in the bath from the irradiating probe at 20kHz 
 
As already mentioned in section 4.3.2, the wavelength value for a soundwave of 20 kHz is 
7.4cm. This means that half-wavelength (i.e. 3.70cm) and odd multiples will be antinodes 
(places of maximum energy, when amplitude is maximum), and the even multiples, nodes 
(places of zero value for the energy, amplitude equals to zero).  
The foams were irradiated at the same power input applied to the transducer, 18000 Pa 
(with a 12% tolerance). The chosen distances for this experiment were: 3.7cm and 11.1cm 
(half-wavelength, antinode), 7.4 (wavelength, node) and at 8.6cm (to make the mid-plane of 
the foam coincide with the maximum of acoustic amplitude). It can be seen in the profiles 
that the foam sonicated at 11.1cm (Figure 75d) from the probe presented a more 
homogeneous porosity gradation in comparison with the foam sonicated at 3.7cm (Figure 
75a), because the signal had attenuated at that distance. 
Probe 
located at zero point 
λ/2, Half-wavelength 
λ, Wavelength 
λ=0 
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(a) Vessel wall at 3.7cm (b) Vessel wall at 7.4cm 
(c) Vessel wall at 8.6cm (d) Vessel wall at 11.1cm 
Figure 75: Foams irradiated at same frequency (20kHz) and variable distance from probe 
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Figure 76: Cross-sections of foams irradiated at 20kHz 
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Figure 77: Porosity gradient for foams irradiated at 20kHz at variable distances 
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The positive values correspond to foams whose vessel’s wall was placed at a node, and the 
negative values to those placed at an antinode.  
Conclusion: ‘negative gradient’ are type 1 foams and ‘positive gradient’ are type 2 foams. 
Those foams placed at distant locations from the ultrasound source presented a more 
homogeneous structure due to the attenuation of the signal (i.e. secondary reflections, 
refractions, etc). 
5.5.2.2 Tailoring porosity for 25 kHz 
Likewise, when the foams were irradiated at 25kHz (where a wavelength equals to 5.90cm), 
the antinodes were at odd multiples of  half-wavelengths, 2.95cm, (maximum amplitude) 
and the even multiples were the nodes (amplitude zero). The applied acoustic pressure was 
12000Pa (9% tolerance). 
The foams were irradiated at distances: 2.95cm and 8.85cm (antinodes), 5.90cm (node) and 
6.35cm (in order to make the central axis of the container coincident with the maximum 
amplitude location). 
 
a) Vessel wall at 2.95cm 
 
b) Vessel wall at 5.90cm 
 
c) Vessel wall at 6.35cm 
 
d) Vessel wall at 8.85cm 
 
Figure 78: Foams irradiated at same frequency (25kHz) and variable distance from probe 
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Figure 79: Cross-sections of foams irradiated at 25kHz 
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Figure 80: Porosity gradient for foams irradiated at 25kHz at variable distances 
Conclusions: Heterogeneity in the porosity distribution can be seen in the two foams 
irradiated at closest distances: negative gradient for the foam irradiated at the antinode and 
positive for that irradiated at the node. For the other two foams, the symmetry in their 
distribution is obvious: an outer layer of high density material involving a core of higher 
porosity. In the foam irradiated further away, this distribution can also be seen, but it is less 
distinct. It is thought to be due to signal attenuation too.  
5.5.2.3 Tailoring porosity for 30 kHz 
Similarly, for the frequency 30 kHz, the distances were: 2.45cm (antinode), 4.9cm (node) 
and 7.35cm (antinode). The distance at which the container’s central axis was aligned with 
the antinode (i.e. maximum acoustic pressure) was not tested because that value is only 
4.85cm (0.05cm apart from the sample irradiated at the node). The acoustic pressure at 
which the foams were subject to was 8900Pa with a 4% tolerance in the readings.  
Symmetry 
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a) Vessel wall at 2.45cm 
 
b) Vessel wall at 4.9cm 
 
c) Vessel wall at 7.35cm 
Figure 81: Foams irradiated at same frequency (30kHz) and variable distance from probe 
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Figure 82: Cross-sections of foams irradiated at 30kHz 
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Figure 83: Porosity gradient for foams irradiated at 30kHz at variable distances 
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Conclusion: The two foams irradiated at the antinodes present a negative porosity gradient, 
more obvious in the foam irradiated at a closer distance to the probe. The foam irradiated at 
the antinode shows a symmetrical distribution, slightly towards a positive gradient. This is 
because the distance of the node is coincident at this frequency to the distance at which the 
central axis of the container, of 5cm diameter, is aligned to the maximum amplitude.   
5.5.3 Correlation of experimental results with simulated model 
Simulations were carried out in order to find out how the variation in the local pressure 
amplitude of the acoustic field inside of the bath affected the porosity distributions in the 
samples.  
The simulation for a vessel immersed in the water bath is performed, as shown in Figure 84. 
The distance between the probe and the vessel wall is 11.1cm (three times the half-
wavelength for the frequency 20kHz). 
  
Figure 84: (a) Internal mesh on the modelled rig with immersed vessel; (b) Outer mesh on the modelled 
rig with immersed vessel 
The mesh consisted of 7027 elements and the simulator solved for a model with 10043 
degrees of freedom. Time stepping was set at 0:0.1:1s to reach its steady state for a 
tolerance of 0.01s. The averaged solution time was 78.328s.  
The pattern of the acoustic field in the water bath was simulated in the presence of an 
immersed container and compared to the results obtained for an empty bath (Figure 85). 
The red area in the bath of the figures illustrated the position of the sonotrode.  
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(a) 
 
(b) 
Figure 85: Results of the simulated baths in ‘isolines mode’ representation: a) for an empty bath; b) for 
bath with an immersed vessel at 3.7cm distant from the probe 
Vertical planes were extracted from the modelled representations in order to assess how the 
presence of the immersed vessel changed the pattern of the acoustic field inside of the water 
bath. Figure 86 shows a series of planes corresponding to the 3D pressure fields at different 
distances between the probe and the vessels containing the foaming reactants.  
 
(a) Empty bath 
 
(b) Vessel at 3.7cm from probe 
 
(c) Vessel at 7.4cm from probe 
 
(d) Vessel at 11.1cm from probe 
Figure 86: Extracted vertical planes from modelled baths with immersed vessels at different distances 
from the probe 
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Comparing the acoustic field in the bath without (Figure 86a) and with the vessel (Figure 
86b, c, d), a distinct difference in the acoustic pressure distribution can be observed between 
them. It should be noticed that, with an immersed vessel, the pressure pattern is distorted in 
the vicinity of the container. The formation of these patterns is thought to be attributed to 
the interference between secondary waves and the primary standing waves.  
The acoustic pattern inside of each of the containers located at the different distances from 
the probe was extracted from the model (Figure 87). Corresponding figures to the other 
working frequencies can be found in Appendix II.    
 
(a) Vessel at 3.7cm 
 
(b) Vessel at 7.4cm 
 
(c) Vessel at 8.6cm 
 
(d) Vessel at 11.1cm 
Figure 87: Acoustic fields inside vessels irradiated at 20kHz in ‘isolines mode’ representation 
As before, vertical planes aligned to be parallel to the acoustic signal arriving from the 
sonotrode, were obtained to investigate how the acoustic pressure distribution inside of the 
vessels varied with the distance from the sonotrode’s tip. 
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(a) Vessel at 3.7cm 
 
(b) Vessel at 7.4cm 
 
(c) Vessel at 8.6cm 
 
(d) Vessel at 11.1cm 
Figure 88: Extracted vertical planes from modelled containers irradiated with ultrasound 
In order to establish a relationship between the porosity gradation of the polymeric foams 
and the acoustic field inside of the vessels, the sound pressure level distribution inside of 
the containers (as obtained by the simulated model) were plotted along with the cross-
section values of the foams’ porosity distributions. These porosity distributions were 
obtained from the inversed values of the density distributions (section 5.5.2) extracted by 
using the ‘Topo-porosity’ image processing program detailed in section 4.5.3. 
Although the bulk density (defined as the ratio of mass to volume) or its inverse, bulk 
porosity, remained approximately the same from Stage C onwards until fully cross-linking 
of the polymer, the local porosity and, therefore, the acoustic impedance, varied 
continuously. The change in acoustic impedance for a given mixture is the underpinning 
principle for on-line monitoring of the viscosity and density variations of liquids in process 
engineering (e.g. food technologies). The acoustic impedance of a viscous fluid is a 
function of the density of the fluid, its viscosity and the circular frequency (ω =2πf) of the 
ultrasonic wave [172], in the same way that the acoustic impedance of a solid is the 
resultant value of the product of the solid density and the longitudinal sound velocity 
(section 3.3.1.3).  
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During foam cross-linking, the irradiated medium was a mixture of water, carbon dioxide 
and polyurethane foam. Therefore, the acoustic impedance was expected to change from an 
initial value similar to water (Zwater=1.48MRayl) at initial stages (B and C), through a resin 
acoustic impedance (Zresin= 1.5-1.8MRayl) [156] when the viscosity was high, evolving 
finally towards a typical acoustic impedance value in the range of the porous materials (7.4-
10MRayl) [155] or compact bone (9.3MRayl for a density of 1930kg/m3) [173] when the 
foam is fully cured and dry. For the purpose of the irradiated foam in the simulated bath, the 
working acoustic impedances that were used corresponded to the water (Z=1.48MRayl; 
density 1000kg/m3, longitudinal sound velocity cS =1480m/s) and to typical cortical bone 
(Zcort bone = 2.6MRayl for a density of 1630kg/m3, cS =1550m/s) [174], which matched the 
expected density of the foam at those stages in the reaction. 
Figure 89 illustrates the comparison made between experimental and simulated results. For 
each case (Figure 90, Figure 91 and Figure 92), the porosity distribution across the section 
of the foams (solid line) was plotted along with the acoustic pressure level in the bath as 
extracted from the simulator, modelling the material properties of the foam to water (dash 
and dot line) and to cortical bone (dashed line).  
 
(a) Photograph of the sonicated foam 
Image Analysis of the sample with ‘Topo-
porosity mapping’ 
Simulation of the irradiated sample with 
COMSOL™ 
 
(b) Topo-porosity interface applied to the 
photograph 
 
(c) Modelled immersed vessel irradiated in the water 
bath  
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(d) Cross-section of the sample in ‘contour lines’ 
mode 
 
(e) Vertical plane from modelled vessel 
25kHz 8.85cm
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(f) Porosity line (inverse of density values) 
extracted at ‘sonication plane’ aligned with 
sonotrode 
Simulated vessel in water bath
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(g) Sound pressure levels extracted from modelled 
vessel at ‘sonication plane’ aligned with sonotrode for 
two acoustic impedances 
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(h) Comparison porosity (experimental) vs sound pressure distributions (simulation) for irradiated foam 
Figure 89: Procedure for analysis of foam irradiated at 25kHz and 8.85cm distant from the sonotrode 
while immersed in the water bath 
 
For those foams irradiated at 20 kHz and 18000Pa, the comparison between the porosity 
distribution and the sound pressure level in both modelled cases (water and cortical bone) 
are presented in Figure 90. 
Likewise, Figure 91 and Figure 92 present the resulting comparison for foams irradiated at 
25 kHz and 12000 Pa and those irradiated at 30 kHz and 8900 Pa, respectively.   
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Figure 90: Comparison of porosity and sound pressure distributions for foams irradiated at 20kHz 
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Figure 91: Comparison of porosity and sound pressure distributions for foams irradiated at 25kHz 
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Figure 92: Comparison of porosity and sound pressure distributions for foams irradiated at 30kHz
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Conclusion: The samples that were irradiated at higher acoustic pressures and/or shorter 
distance to the probe present a better correlation between the porosity distribution and the 
acoustic pressure level. However, those foams irradiated at lower acoustic energy and/or 
further from the sonotrode (e.g. foam irradiated at 11.1cm, 20 kHz and 6.35cm, 30 kHz) 
showed a weaker correlation with the simulated pressure distribution. In fact, it was also 
noted that this was the area of the water bath in which the simulation deviated most from 
the measured results (see Figure 29). 
The approximation of the foam mixture to water for the modelled pressure distribution 
inside of the container when irradiated appears to produce a closer correlation with the 
experimental results than to porous bone. This is due possibly to the liquid nature of the 
mixture in stages B, C and the high percentage of water/acetone impregnating the cavities at 
stage D that has not evaporated/reacted yet. 
The next chapter discusses the findings that have been reported in this chapter and links 
them to the theoretical principles that were exposed in Chapter 3. An assessment of the 
robustness of the methodology and the analysis of the weak constrains will also be 
discussed for the foam manufacture, the texture analysis of the foams and the simulated 
model. The resulting statements will be compared against the hypotheses listed in Chapter 3 
and the aims and objectives of this research work mentioned in Chapter 1. Finally the 
relationship between the irradiating conditions and the porosity distribution will be 
established and discussed against the hypotheses of this research. 
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CHAPTER 6. DISCUSSION  
This chapter contains a discussion of the results described in Chapter 5 with reference to the 
theory presented in Chapter 3 and the methodology explained in Chapter 4.  
It is suggested in this work that when conditions of stable cavitation are established, 
ultrasound can create porosity gradation by producing bubbles of different sizes depending 
on the acoustic pressure to which they are subjected. This mechanism allows the 
engineering of standing waves to ‘tailor’ the porosity of the polymeric matrix that finally 
solidifies into a foam.  
Aside from the clear effect of acoustic irradiation on porosity distribution, some other 
aspects of the work derived from observations and experimental procedures for the 
sonication of polymeric melts are also discussed. This chapter is divided into five parts. 
First, the electrical resistivity tracking method is appraised with regard to its suitability to 
accurately identify the formation stages in the foam, as described by other authors. 
Secondly, some evidence of the sonochemistry in the reaction is reviewed. The third section 
summarises a number of findings that can be drawn from the analysis of the influence that 
acoustic pressure had on the cellular structure of a foamed material presented in Chapter 5 
in conjunction with the hypothesis stated in Chapter 3, and other applications already found 
in industry and reported by other researchers (Chapter 2). The relationship between 
ultrasonic pressure, frequency and porosity is also examined. In this way, porosity is related 
to ultrasonic irradiation conditions to form a conclusion in the context of the hypotheses set 
out in Chapter 3. The following section assesses the prediction made in Chapter 4 regarding 
the acoustic pattern in the bath and compares the measured values of ultrasound magnitude 
with the observable effect on the foams. In the fourth section of this Chapter, the analysis 
produced by the image processing methodology developed for this work is revisited and 
discussed in the light of the results. Finally, the last section verifies the correlation between 
measured porosity distribution and simulated sound pressure in the samples and also points 
out benefits and limitations of the simulation tool.  
6.1 Electrical resistivity measurements 
The purpose of this section is to interpret, as far as possible, the raw data in terms of 
variation in the electrical resistivity, and to compare these with the published data, allowing 
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a comparison between the variations observed (Chapter 5) and the stages reported in the 
literature (Chapter 3). Although the electrical resistivity is weakly dependant on 
temperature [175] for the range of working temperatures and pressures (i.e. open vessel) 
used here, the changes must be caused by the polymerisation reaction.  
A typical graph like the one presented in Figure 45b showed distinguishable events that 
took place during the foam formation. For example, at point 3, a minimum value for the 
electrical resistivity of the mixture was detected. This implied that the value for the 
electrical conductivity was at its maximum at that point. This statement makes sense when 
the individual conductivities are considered (distilled water (catalyst): 0.5-1 μS/cm, acetone 
(solvent): 0.02 μS/cm; melted PU (reactant, at 54°C): 1200 μS/cm) [176]. The major 
contribution to the overall conductivity value was by the melted polymer. At the opposite 
extreme, at point 9, the resistivity value reached an asymptotic maximum, therefore, 
minimum conductivity. At that stage, the foam was fully reacted PU (dry PU (product):10-12 
μS/cm) [176]. The resistivity in the mixture increased from point 3 to 9 due to the formation 
of cavities that provoked conductivity depletion (i.e. air/gas bubbles in the volumetric 
specimen tested).  
Studied in detail, the information provided by the Figure 45b aided the monitoring of the 
stages for the foaming process dynamics and allowed tracking for such reaction, thus giving 
support to the hypothesis in Chapter 3 that “conductivity can be used to monitor the 
reaction phases”. 
It can be seen from the electrical resistivity measurements that three main states of the 
foaming process can be distinguished (Figure 93): pre-gelation state, gelation and post-
gelation state. 
 
Figure 93: Main stages of formation for the polymeric foam 
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I. Pre-gelation: foam grew (from point 1 to 3 in Figure 45b) due to the reaction 
between reactants and blowing agent, and the wetted pens read the decline in 
resistivity. When the maximum foam height was reached the wetting stage 
finished.  
II. Gelation: cavities formed and the reaction initiated the cross-linking in the 
monomers (points 3 to 7) that would close up cell walls permanently and lock 
the pores size.   
III. Post-gelation: from points 7 to 9, the foam was fully reacted and, consequently 
dried out the extra water content.  
Table 6 below summarises the information provided by the electrical resistivity 
measurements and assimilates each stage described in Chapter 3, to events that the foam 
suffers during formation at the macro and microscopic level. 
At the macroscopic level, the observed phenomena are: growing (i.e. bulk diffusion of CO2 
gas both within the foam and to the atmosphere, as the vessel is open); heat transfer from 
the foam to the vessel, and from the vessel to the water bath; bulk diffusion of water vapour 
to the atmosphere (condensation on conductivity pens); and, once the reaction has finished, 
heat transfer from the foam to the bath (drying).  
At the microscopic level, the predominant phenomenon at each stage is: nucleation of 
bubbles (i.e. tiny bubbles formed the nuclei into which the developing gas, CO2, blowing 
agent, diffused as the reaction proceeds); the polyurethane reaction took place and produced 
CO2. Remaining water evaporated and diffusion of the CO2 and water vapour into the 
bubbles occurred producing the growth of the matrix (diffusion of CO2 and water into the 
growing bubble maintains the differential pressure ΔP required for growing). It has been 
reported in [159] that the presence of water vapour molecules buffers any rapid increment 
in temperature and pressure and diminishes the creation of ‘hot’ or ‘unstable’ spots that 
could provoke implosion of bubbles within the melt or coalescence of the bubbles into 
larger cells. Occasional instabilities in the matrix and unbalances of production of gases 
with respect to the viscosity of the matrix might have originated temporary collapses, which 
was represented in Figure 45b as a “double-belly”. The next event involves the cellular 
structure being set as a consequence of the cross-linking stage of the reaction (first phase for 
the double diffusion mechanism, as reported by [165]) and the pores started to form. 
Finally, all solvent was washed away by the water and evaporated, as described in Chapter 
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Nucleation 
4 (a ‘double diffusion’ phenomenon noted in section 4.1). Eventually, the foam dried and 
the reaction was then considered finished. 
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Table 6: Compilation of events during foam formation  
The energy and mass balance of each Stage (Chapter 3) indicated that the foam formation 
was more sensitive to the application of ultrasound if it happened at Stages C and D. At 
these two stages, the aim is to pump in/out the dissolved vapour/gas into the bubbles for 
controlling their final size. Bubble growth occurred when the driving force for expansion 
was larger than the resisting force (i.e. gas flowed from liquid to bubble). On the contrary, 
when the resisting force was greater, the bubble tended to dissolve (i.e. gas flow is from the 
bubble to the liquid). When both forces are equal, the bubble remained in equilibrium and 
there was no gas flow [117].  
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Viscosity is a defining feature for the polymeric foams tested in this research work. The 
increment in the viscosity value for the PU mixtures implied a larger stress in the 
viscoelastic medium, retarding in this way bubble growth. For large viscosity values, bubble 
shrinkage would occur (to an extreme, collapse). At a smaller size, the bubble’s stress in the 
viscoelastic medium declined, permitting a new cycle of expansion. The overall oscillatory 
behaviour finally stopped when the stress on the bubble walls was greater than the internal 
forces that stretched the bubble. It is believed that this process could be aided by ultrasound 
because it could sustain the flexibility of the walls for a longer time and so allow a greater 
intake of vapour/gas into the bubbles while that reaction was still active (i.e. CO2 gas still 
being formed), hence delaying the rigidity stresses that could suppress the stretching motion 
at critical stages in porosity tailoring. Therefore, the mixture is believed to have a 
viscoelastic behaviour at stages C and D.  
There seems to be a consensus in the literature that viscoelasticity enhances bubble growth 
[177-179] especially in low molecular weight polymers [163] and, as this research work 
intends, in early stages of high-molecular ones. However, more recent studies [180] [181] 
redirect the protagonism from viscoelasticity and supports the conclusion that its reduction 
has little effect on bubble growth, giving more importance to blowing agent concentration, 
pressure surrounding the bubble and diffusivity.  This does not contradict the experimental 
results obtained here, since the nature of the effect of ultrasound on the foaming process is 
not well-known, and it can be related possibly to these at the same time: viscoelasticity (i.e. 
incremented shear rate due to mechanical stirring), enhancement of diffusivity, as well as 
pressure gradient provoked by stable cavitation (i.e. bubble bouncing steadily in 
increments). 
This electrical resistivity measuring technique presents benefits for the tracking and 
identification of “sensitive to ultrasonic irradiation” stages of foam formation. However, it 
also has limitations. One of most obvious ones is the delayed response to any variation in 
the bulk of the polymer. Conductivity changes can be detected only once the event has 
happened. The accuracy and sensibility of the equipment is still not known. In addition to 
this, the pens have to be in intimate contact with the foam at early stages for satisfactory 
results and these pens have to be pre-tempered (i.e. at the same temperature as the reaction) 
in order to avoid instabilities when the pens are inserted. It is evident that this method 
evaluates electrical conductivity variations only for bulk volumes. Local changes of 
porosity cannot be detected, because only the bulk resistivity on the material is measured. A 
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different approach needs to be followed when aiming the measurement of anisotropy in the 
foaming polymer by conductivity variations.  
6.2 Effect on the chemistry of the reaction 
The evidence of a sonochemical effect of ultrasound in the reaction can be demonstrated by 
the results shown in section 5.2, where the acoustic pressure irradiated by the ultrasonic 
probe is shown to enhance the reaction rate. The gelation point was reached at shorter time 
with the application of ultrasound. This effect confirms the phenomenon already reported 
by other authors: for example, ultrasonic irradiation applied to sol-gel reactions resulted in 
sonogels with unique structural properties in terms of porosity. An obvious result was the 
shorter time to reach gelation point [110]. It was also shown (section 5.3) that the 
application of ultrasound aided a faster production of intermediate species to generate 
products. For a given acoustic pressure, ultrasound increased the efficiency of the reaction 
and provided a better ratio reactants/products (Figure 51).  
It needs to be noted that Figure 51 only offers a qualitative measure of intermediate species 
production aided by ultrasound, and it is not a deep study on the ultrasonic effect on the 
reaction kinetics. A quantitative method is required to relate the efficiency of the 
sonochemical reaction to the energy of the ultrasonic irradiation used to produce the final 
foam. Confirmation of these interpretations has to be searched with the necessary, but 
technically difficult, analysis of the liquid/gas phases by techniques such as ‘gel permeation 
chromatography (GPC)’ and the employment of more sophisticated temperature scans (e.g. 
DSC and DTA). This would verify that the number of radicals and chemical species formed 
by ultrasonic irradiation depends on both acoustic magnitude and frequency.  
6.3 Effects of ultrasonic irradiation on porosity 
In this section, some of the results obtained in Chapter 5 will be discussed to show how 
acoustic effects can be applied to tailor the porosity in polymeric foams as well as the 
significance of the ultrasonic magnitude on the foaming process with regard to increase 
their efficiency and to improve product quality. 
Other authors have exploited acoustic cavitation for the control of bubble size (normally 
one bubble in water) [115-119], defoaming of liquids [113] or homogeneisation of 
polymeric matrixes [107]. Rather than imploding the bubbles in the matrix via an unstable 
pulsation, the application of ultrasound used in this study was aimed towards a technique 
that could allow a low-intensity, continuous, linear ultrasonic vibration system in order to 
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produce stable cavitation for the water vapour/CO2 gas filled bubbles and allow them to 
grow.  
 
Figure 94: Stages of acoustic cavitation exploited for the tailoring of polymeric foams 
Figure 94 presents a schematic of the different effects that acoustic cavitation has been 
shown to have on the porosity distribution of a polymeric foam. This sketch completes the 
description offered by [98] where gas bubbles submerged in liquid could only suffer 
enlargement (stable cavitation) or implosion (transient cavitation). 
It is suggested here that the relationship between the intensity produced by the acoustic 
pressure and the heterogeneity is as follows:  
? No effect was visible on the samples’ cellular structure if the acoustic pressure 
irradiating the foams is lower than a given threshold of energy. The lower limit for the 
stable cavitation of this polymeric foam formation was explored by increasing the acoustic 
pressure until an effect was visible in the foam porosity. In this work, the lower threshold 
was explored in section 5.5.1 and established for insonicated samples irradiated at 20kHz, a 
lower threshold of approximately 6000Pa; approx 5000Pa for 25kHz and roughly 7000Pa 
for 30kHz, although the latter value is not immediately clear from Figure 72 due to the 
technical limitations that made it impossible to test samples at 30kHz and acoustic pressures 
lower than 6500Pa.  
? When foams where irradiated at an acoustic pressure larger than the lower threshold, a 
direct relationship could be established between size of bubbles (or else, heterogeneity in 
the sample) and acoustic pressure level: bubble enlargement was proportional to the 
increment of acoustic pressure. Higher amplitude generated larger bubbles possibly by 
coalescence of smaller, or even invisible bubbles. As Leighton et al. refer [117], in a stable 
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cavitation scenario, it can be assumed that the energy stored during the positive half of each 
stress cycle is not dramatically different from the energy given up during the negative half, 
therefore experimental conditions of sonication were favourable to the diffusion of gas into 
the bubble that underwent an incremental but sustainable growth.  
? For larger values of intensity, it has been demonstrated that the energy of the irradiating 
ultrasound was conveyed into a physical effect (i.e. stirring) which, under controlled 
circumstances, could provoke degassing of the matrix, and so homogenising the final 
cellular structure. Supported by the technical background already exploited for other 
industrial applications [107], this principle was re-scaled for the purposes of this study and 
the degassing effect was explored in section 5.4.3 and section I.6 of Appendix I. The 
phenomenon can be explained in terms of the enhanced diffusivity produced: acoustic 
conditions would be favourable to the nucleation of many bubbles that would be competing 
for the limited amount of gas available in the matrix during the chemical reaction. The 
presence of nearby bubbles prevented each one from growing any larger. Bubbles solidified 
producing an even cellular structure in the final foam. Pores had a smaller size on average 
(with smaller standard deviation in its distribution). This effect is considered by this author 
as a prior step before approaching transient cavitation conditions, an intermediate state 
between stable and transient cavitation, where bubbles were more excited than when set at 
stable cavitation but did not coalescence. Although the focus has been kept on polyurethane 
foams, other foams (i.e. poly-dimethyl siloxane foams) were also irradiated and tested in 
order to establish basic principles and re-assure the effect described in the hypothesis.  
? Beyond the threshold stable-to-transient cavitation (upper cavitation threshold) the 
environmental conditions are not favourable to linear ultrasonic vibration. The bubbles were 
engaged in a non-stable swift cavitation which provoked their implosion and, finally, 
collapse of the foam. This mechanism has already been described in the literature but only 
for liquid foams, especially in food technologies [102] and waste water and soil treatment 
[84]. The polymeric foam final appearance was of a burnt piece of rubber due to the 
pyrolisis of the polymer. It is proposed that the underpinning mechanisms for this 
phenomenon are both physical (i.e. extended shear stresses and mechanical stirring that 
have a degassing effect) and sonochemical (i.e. ‘hot spots’ in the matrix that produce 
undesirable chemical reactions that burn the foam), section I.6 of Appendix I. 
One of the difficulties when controlling the porosity distribution is the local environment 
created for volumes of bubbles in the matrix. Enhanced diffusivity provoked that many 
bubbles had to compete for the available gas in the matrix. Therefore, the growth of some 
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bubbles was limited by the presence of nearby bubbles that prevent each group from 
growing any larger. Further work is needed in order to establish the interaction between 
groups of bubbles and to predict with greater accuracy and quantify the behaviour of a 
neighbourhood of bubbles in a viscoelastic matrix. This is an essential step before any 
attempt to the scale up of the experimental rig.  
6.3.1 Relationship between acoustic magnitude, frequency and porosity 
In this section, the data were re-grouped into irradiation frequencies and acoustic powers in 
order to exploit a wider range of applications for the manufacture of tailorable porosity 
artefacts. When the frequency was fixed, the porosity of the samples was found to increase 
when the amplitude of the signal increased. Bubble enlargement was limited by a ‘ceiling’ 
of intensity, beyond which homogenisation of the matrix would occur. When considering 
foams subjected to equal value of sound pressure, the effect in the porosity was studied for 
different values of frequency. Despite the limited number of frequencies that could be 
tested, the results from 20, 25 and 30kHz identify a direct relationship between frequency 
and pore size. Unlike other authors, whose experimental results in sonoluminescence [182] 
or mathematical models for one single gas bubble cavitating in water have shown that an 
increase in the irradiation frequencies would produce smaller bubbles [119], results indicate 
here that an increment in the samples pore size could be observed with increased frequency. 
This statement is supported by some published work in the medical field [183], where the 
ultrasonic cavitation is exploited in viscoelastic matrices (e.g. muscle, fat) rather than 
bubble/water scenarios. The explanation offered in the context of this application is that, as 
the frequency increased, the bubbles pulsated at a faster rate, which resulted in more 
rectified mass transfer per ultrasonic cycle. This caused the bubbles to expand more but 
with less time to recover its initial size in each cycle. These short periods of expansion due 
to the shorter wavelength produced a larger final volume of bubbles which solidified into 
pores. Although there seems to exist competing factors as the frequency is increased (e.g. 
number of antinodes/nodes increase, higher signal attenuation, etc). Unfortunately no data 
on frequencies above 30kHz could be obtained or found in the literature. Therefore, a final 
conclusion cannot be defended here.   
6.3.2 Verification of the sonication field in the water bath  
The geometry of the water bath and relative positions of sonotrode-to-container had an 
important influence on the irradiated acoustic field in the bath, and hence the acoustic 
pressure that the samples were subjected to. The mapping of the acoustic pressure was 
relevant at the experimental design stage as it predicted the acoustic signal magnitude of the 
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sonicating field within the bath. However, the actual spatial distribution of acoustic pressure 
maxima and minima within the bath was complex due to the relatively small volume 
available for the sound to travel in the water bath.   
The material used for the containers where the reactants were irradiated was polypropylene 
(PP), the lowest acoustic impedance that could be found and, at the same time, with an inert 
behaviour towards the reaction. This materials' acoustic impedance (2.40MRayl) is still far 
from the water impedance (1.48MRayl). Wave reflection takes place whenever waves in 
one medium try to enter another medium where acoustic impedances are not identical. The 
greater the difference between the acoustic impedances, the higher the reflectivity (i.e. 
reflected energy). Therefore, the energy received by the melt undergoing foaming was only 
a percentage of that travelling in the water bath.  
Also, the partial pressure maxima and minima found in the water bath did not correspond 
directly to those in the vessels. The latter were slightly off-set. The reason for this 
displacement might lie on the change of transmitting medium (water-PP-foam) and also on 
the fact that sound travels at different longitudinal speeds depending on the nature of the 
coupling agent. Therefore, the speed of ultrasound in the water bath is not the same as 
inside the container, whose content is, at times, a mixture of melted polymer, acetone, 
water, carbon dioxide and water vapour. 
6.4 Final remarks on the appraisal of the image analysis methods for porosity 
distribution measurement 
Section 4.5 described the benefits and the limitations of the various imaging software used 
for the measurement of the porosity distribution in the samples. Among all the available 
techniques, computerised microtomography seemed to be the most appropriate application 
because it provided a non-destructive characterisation of the foam microstructure. However, 
the high running costs and the lack of a software that could measure internal dimensions of 
the pores made it impossible to use this technology for the purpose of this work. 
Sections 5.4 and 5.5 of this thesis have explored the synergistic benefits of applying 
concurrently two 2D imaging methods to assess the impact of the ultrasonic irradiation on 
the cellular structure of the foam. The main drawback in the techniques adopted lies in the 
fact that an invasive and destructive method (i.e. slicing of the material) had to be used. In 
addition, the ultrasensitivity of the ‘Topo-porosity’ MatLab™ image processor for the 
porosity gradation might have offered misleading results when correlated to the simulated 
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values for the variation in the vessel’s acoustic field. However, the selected imaging 
techniques, a4i_Docu and ‘Topo-porosity mapping’ image application, unlike other imaging 
methods (e.g. QWIN), offered the advantage of processing areas where pores did not have 
to be well-defined isolated cavities. This feature was sufficient to consider their use for the 
purpose of this work. 
6.5 Assessment of the water bath simulation results  
A simulation tool in COMSOL Multiphysics™ 3.3a was developed for assessing and 
controlling the energy irradiated into the foaming samples. It has proven to be a robust 
technique for the purpose of this study because the solving equations included the existing 
attenuation due to the physical boundaries for the acoustic field (i.e. the walls) and allowed 
simulation at different degrees of ‘hardness’ for the wall (i.e. intermediate scenarios 
between a fully absorbent ‘soft’ wall and an ideal ‘hard’ reflective wall). Unlike other 
simulations recently referenced in the literature [184], the absorption of ultrasound due to 
the progression of the sound wave in the medium was not omitted in this case. 
Consequently, the sonication environment in the bath could be successfully modelled and 
produce simulated results which correlated well with those obtained experimentally (Table 
7). The correlation factor used here is the ‘Pearson correlation coefficient’ [185], which 
measures the strength of the relationship between two series of data, in other words, 
whether or not they are statistically significant. The range of values is (0,1), 0 suggesting a 
random relationship and 1, a perfect relationship. Most of the series of data present a strong 
correlation. Unfortunately, some of them (e.g. the porosity distribution of 20kHz, 11.10cm 
and 25kHz, 6.35cm, which are type 3 foams, as indicated in section 4.5.3.2) appeared to be 
weak.  
 
 
 
 
 
   
166 
Pearson correlation coefficient for the water bath 
Experimental results obtained by hydrophone vs simulated data with COMSOL 
Multiphysics™ 
0.804 
Pearson correlation coefficient for the irradiated vessels containing reaction 
Frequency of 
irradiation 
distance vessel 
wall to probe 
Experimental-
Simulation Z 
1.48MRayl 
(water) 
Experimental-
Simulation Z 
2.60MRayl 
(bone) 
Simulation Z 
1.48MRayl 
(water) – Z 
2.60MRayl 
(bone) 
20kHz 3.70cm 0.862 0.747 0.854 
 7.40cm 0.644 0.351 0.943 
 7.60cm 0.503 0.636 0.948 
 11.10cm 0.316 0.294 0.587 
25kHz 2.95cm 0.952 0.831 0.908 
 5.90cm 0.846 0.731 0.898 
 6.35cm 0.233 0.450 0.661 
 8.85cm 0.874 0.632 0.901 
30kHz 2.45cm 0.819 0.889 0.789 
 4.90cm 0.490 0.519 0.907 
 7.35cm 0.436 0.457 0.900 
Table 7: Pearson correlation coefficient for the simulated and measured values in the bath and the 
irradiated foams  
The simulation was also performed for the acoustic field created inside of the vessels when 
these held a hypothetical content (i.e. water and bone, representing the extreme scenarios 
for the acoustic impedance of the foaming reactant). Table 7, last column, presents the 
Pearson correlation coefficient for both simulations. Each number could be interpreted as 
the difference in attenuation that each acoustic condition offers (e.g. for irradiation 
conditions 20 kHz 7.60cm, the simulation performed with water and with porous bone do 
not differ as much as the simulation performed at 20 kHz 11.10cm, where the low 
coefficient indicates a high attenuation of the signal provoked by the bone medium). 
Unfortunately, it was not possible for the system studied here to measure the sound pressure 
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inside of the actual foaming polymer during its reaction. These values are necessary for the 
determination of the actual acoustic impedance for accurate modelling conditions, and 
consequently, assessing the accuracy of the modelled system.  
Despite the good correlation obtained for the sound pressure distribution inside the 
irradiated vessel studied in conjunction with the porosity distribution, this simulation tool 
showed its main weakness in the impossibility of processing two active domains (i.e. water 
in the bath and foaming material in the vessel) at the same time. Therefore, the vessels had 
to be modelled separately by feeding the peripheral conditions and boundary settings 
extracted from the acoustic field in the water bath for every experimental series (e.g. 
sonotrode power, frequency, acoustic values, position within the bath) maintaining three 
dimensional arrays of information.  
6.6 Summary 
This chapter has discussed a number of conclusions that can be drawn from an analysis of 
the results. It has been done by revisiting the research hypotheses presented in Chapter 3, 
assessing their consistency and pointing out limitations and weaknesses that the research 
procedure, measuring equipment and simulation tools intrinsically had.  
In fact, the conductivity can be used to monitor the reaction phases (i.e. progression through 
pre-gelation, gelation and post-gelation stages); ultrasound has proven a sonochemical 
effect in the polymerisation reaction as well as a physical effect by altering the dynamics of 
the foaming process, the mass and heat transfer. And, as the final objective for this research 
work, it has been shown that the sound field pattern can be used to tailor porosity within the 
bulk of the foam by subjecting the bubbles to stable cavitation and pulsations that allows 
bubble size adjustment before solidification. 
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CHAPTER 7. CONCLUSIONS  
 
Motivated by the desire to manufacture materials with a controlled cellular structure, this 
work describes the investigation of the precisely controlled application of ultrasonic 
irradiation on polymeric melts undergoing foaming. Having established the theoretical 
mechanism, experiments were carried out to evaluate the influence of the irradiation on the 
cellular structure of the foamed material, and whether this can be done in a predictable 
manner.  
Polyurethane foams have been irradiated with ultrasound aiming to produce a gradation of 
porosity. Initially a wide range of powers were applied to the transducer and several 
working frequencies explored to determine the impact of ultrasonic irradiation on the 
polymeric melts undergoing foaming. These experiments have shown that ultrasound can be 
used to affect local physical and chemical processes in the foaming medium. These effects 
can be observed directly in cross-sections of foam that have been sonicated using an 
immersion technique during their formation. The images from the sonicated foams (Figure 
5 and Figure 73) showed a thinning effect of cell wall, which enhanced gas transport and 
increased permeability during the initial stages of foam formation. 
It was found that the bubble growth rate depended on the ultrasonic specifications (i.e. 
sound pressure, frequency and exposure time) and therefore, the final porosity distribution 
of the foamed material also depended on these sonication conditions. Results showed that 
bubble enlargement was proportional to the sound pressure when this was larger than a 
lower threshold value (below which there was no effect on the cellular structure), and lower 
than an upper threshold value, that provoked homogenisation and, at an extreme, collapsing 
of the polymeric cellular structure through breaking the polymer chains and implosion of 
bubbles. 
The lower limit for stable cavitation (i.e. lower threshold) was explored by decreasing the 
acoustic power until no noticeable effect was visible in the foam porosity. At the other 
extreme, when the acoustic intensity applied to the foams reached greater values, but still 
within the boundaries of stable cavitation, a homogenisation effect on the matrix could be 
observed. This can be explained in terms of the enhanced diffusivity produced: acoustic 
conditions would be favourable to the nucleation of many bubbles that would be competing 
for the limited amount of gas available in the matrix during the chemical reaction. The 
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presence of nearby bubbles prevented each one from growing any larger. In consequence, 
the bubbles solidified producing an even cellular structure in the final foam. It was observed 
that pores had a smaller size on average (with smaller standard deviation in its distribution). 
This effect is considered by the author as a precursor to ‘transient cavitation’ conditions. 
Changes in the pore size with frequency were also measured. The average amount of gas 
contained in the bubble during the reaction increased proportionally to the frequency of the 
ultrasonic signal applied: a higher pulsation rate resulted in more rectified mass transfer per 
ultrasonic cycle. As the frequency increased, the bubbles expanded more and had less time 
to recover its initial size. These short periods of expansion produced larger final bubble 
volume. 
The geometry of the water bath and relative positions of the sonotrode to container had an 
important influence on the acoustic field irradiated in the bath, and hence the acoustic 
pressure to which the samples were subject. The mapping of the acoustic pressure was 
relevant at the experiment design stage as it predicted the acoustic signal magnitude of the 
sonicating field within the bath. The position of the container holding the foaming material 
in a standing wave is tightly connected with the distribution of resulting pore sizes. 
Variations in the container position within the bath led to variations of the sound intensity 
within the container and corresponding change of the bubble growth rate and final size. 
Areas of higher porosity in foams were caused by the formation of larger pores when the 
mixture was still of a viscoelastic nature (i.e. liquid to solid transition). The author believes 
that for a given frequency, a specific range of values for the signal magnitude in the 
acoustic field (applied during the ‘pre-gelation’ (stage C), ‘gelation’ and ‘post-gelation’ 
(stage D) of the foam formation) produced stable cavitation (i.e. rectified diffusion of gas 
content from the polymer matrix into the cavities) for the water vapour/CO2 gas filled 
bubbles in the polymeric mass. Consequently, the timing for the ultrasound irradiation 
needs to be closely controlled, as its application might cause the opposite effect on the 
foams (e.g. degassing or outsized bubbles intrinsically unstable in the matrix).  
Porosity evaluation in the specimens was carried out with the aid of image analysis software 
that provided comparable data in order to establish the cause-effect relationship of 
sonication conditions for porosity distribution. A multi-physics simulation tool 
(COMSOL™) was used for verification of the experimental results.  
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Aside from the clear effect of acoustic irradiation on the porosity gradation of the solidified 
polymeric foams, a variation in the reaction rate was also detected. The reaction would 
reach the ‘gelation point’ and therefore, finalise the polymeric cross-linking, at shorter time 
frames under sonicating conditions due to the enhancement of convective and diffusive 
events that would speed up the reaction. In addition, the thermal conduction rate was seen to 
increase, which, along with the improved convection, produced a decrement on the 
temperature gradient. This implied a thinner, if non-existent, skin on the outer perimeter of 
the foam.  
The work described in this thesis has also shown that it is feasible to use an indirect method 
such as electrical resistivity to monitor and track the different stages of the reaction. This is 
ultimately useful for the detection of those ‘sensitive’ stages to ultrasound during the 
foaming of the melt that allow the design of an effective strategy for irradiation for porosity 
tailoring of polymeric foams.    
To summarise, the author concludes that the suitable manipulation of the position of a 
foaming polymeric melt within a sonication field (with a known acoustic pressure 
amplitude and frequency), permits the tailoring of the bubbles, then pores, to a desired size. 
These findings essentially form part of the strategy for developing a multi-source equipment 
optimised for the fine control of an acoustic pressure field that could exploit this 
phenomenon for the manufacturing of tailorable porosity graded materials that can be used 
in specific applications where engineered cellular structures are required ‘ad-hoc’ (e.g. bio-
mimetics and orthopaedics; structural components, etc). The proposed programme is 
suggested in the next chapter. 
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CHAPTER 8. FUTURE WORK  
This chapter highlights the opportunity for future work aimed to lead to the development of 
a manufacturing process for foams with tailorable porosity. It also describes the key 
research challenges associated with the sonication of polymeric foams for porosity tailoring 
purposes.  
The most obvious extension of the research work described in this thesis is to study and 
identify ‘sensitive’ stages of formation (during which stable cavitation conditions can be 
tuned) for other polymeric foams, especially those which can be used in bio-medical and 
high-tech applications. Porous biomaterials with controlled amount of both open and closed 
pores as well as graded porosity are needed for some implant applications [186]. 
It is also essential to carry out a more extensive study of the stable cavitation conditions for 
polyurethane (and similar) foams, as well as quantifying the degree of disturbance that 
ultrasound causes form the physical point of view, such as diffusion, convection, 
conduction event, etc, and chemical approach (i.e. establish a relationship between the 
efficiency of the sonochemical reaction and the energy of ultrasonic irradiation used to 
produce a chemical effect). Perfecting the current technology reported in this thesis will 
lead to further refinement in the process. The compilation of a database or library of 
porosity features as a function of ultrasonic irradiation and soundwave pattern will permit 
the design and manufacture of more complicated porosity distributions (Figure 95).  
It is recommended that future work should aim to develop a sonication chamber where the 
acoustic field could be accurately controlled and so the irradiation magnitude on a foam is 
precisely predictable. There are two specific suggestions: 
8.1 Modification to the rig 
8.1.1 Commission of a multi-source rig 
The study of a sonication field created by more than one ultrasonic probe (Figure 96b) 
might form a tightly controlled wave pattern within the bath, and thus allow the magnitude 
and features of the irradiation received by the foaming melt to be optimised. This issue 
requires further study in order to identify and evaluate the interaction of the directional 
ultrasound with the foaming melt. 
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Figure 95: Flow chart for the design and automated manufacturing process 
Screening of 
experimental 
conditions 
Exploration of 
Sonication 
Conditions  
 
MANUFACTURE Intensive 
variables 
Extensive 
variables 
Reactants comp.  
Mixture Volume 
% cyanate 
ml water 
Acoustic Energy 
Frequency 
Position in bath
Temp 
Pressure 
Exposure time 
Mode 
Pulsation 
Continuous Result
Analysis 
of 
samples
FOAM ULTRASOUND
Porosity gradation =  
f (acoustic parameters) 
Parameters for 
transducer and acoustic 
field 
Foam with tailored 
porosity distribution  
‘ad hoc’ 
Users’ requirements 
for foam porosity 
distribution 
Database of 
porosity vs 
acoustic 
specs 
PC controls 
sonotrode 
FUTURE WORK 
   
173 
 
Figure 96: (a) Single probe; (b) Multi-probe arrangement 
The acoustic field created in the water bath that has been used for this study in the 
simulations (i.e. stainless steel walls, 20kHz, 150W applied to the sonotrode) presents a 
strongly regular pattern when two identical probes are immersed in the water in comparison 
to the single arrangement (Figure 85a)  
 
Figure 97: Multi-probe rig with modelled acoustic field 
 
8.1.2 Re-design of the experimental rig.  
The exploitation of the vertical propagation of sound is also a possibility for improving the 
acoustic field. This involves the relocation of the ultrasonic probes so that the longitudinal 
axis of the transducer is perpendicular to the axis of both containers and not parallel. In this 
way the energy transferred to the containers would be higher as some attenuation effects 
(e.g. refraction, reflection on the walls, etc) would be diminished. 
Sonotrodes 
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8.2 Optimisation of the coupling agent for confocal acoustics 
In this work, water was used as the coupling agent for the propagation of the ultrasonic 
waves. The coupling fluid needs to be used to avoid the formation of air gaps which would 
have caused a very high attenuation of the imposed ultrasonic waves. It was also used to 
buffer possible changes in temperature within the foam due to the exothermic reaction of 
the polyurethane. As the longitudinal speed of sound in a medium depends on its density 
and acoustic impedance, a more advantageous coupling agent could be used that allow a 
better channelling to focus and direct the acoustic beam as necessary, decreasing its 
divergence as it propagates in the medium.  
Another concern is how the desirable cavitational activity exhibited in the water bath could 
be guided and managed in order to complete an efficient design and scale-up of the reaction 
chamber. One of the drawbacks in the control and instrumentation for this ultrasonic 
tailoring technology is that foaming cannot be turned off at specific moments.  
Therefore, in order to overcome this problem and develop efficient industrial equipment, 
further research needs to be done to identify key factors that affect the interaction 
ultrasound-foaming reaction. The development of a simulation tool that could model the 
bubble growth mechanism would allow the scrutiny of possible strategies to perfect the 
actual technology. In this way, using sonication for polymers undergoing foaming could be 
considered a plausible route for the fabrication of heterogeneous materials with a geometric 
complexity that could include a myriad of features and differing dimensional scales and 
would allow local composition control where polymers, metals and/or ceramics can be 
blended into composites with a fine control of the porosity.  
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z coordinate 
APPENDIX I DESIGN OF EXPERIMENTS 
This section details the rationale underlying the design of the experimental rig reported in 
this thesis and describes how the range of experimental parameters (i.e. frequency, power, 
time, reactants’ concentration, etc) was determined. 
I.1 Ultrasonic bath versus ultrasonic horn 
Various foam irradiation methods were investigated in the early stages of the research work. 
Having determined that an ultrasonic field might affect the foaming process, an ultrasonic 
cleaning bath (Figure 98) was used to establish whether any sonochemical phenomenon 
could be observed on a foaming material. The bath dimensions were 150mm depth x 
315mm length x 290mm width, and it provided with a convenient but unstructured 
ultrasonic field. The irradiation power could be adjusted from 200 to 400W. The frequency 
sweep range offered by the ultrasonic bath transducer was 35-45kHz. Different exposures 
(1h, 1.2h, 1.4h, and 1.6h) at various stages of the polyurethane foaming process (i.e. 
minutes after reaction has started: 0, 15min, 30min, 45min, 45min and 60min) were tested. 
The location of the samples in the bath was not fixed, therefore the location of the sample in 
relation to the local acoustic wave (i.e. maximum, minimum) was not known. An irradiation 
effect was only observed in some samples. 
The results of this study were very variable, ranging from no visible effect to a complete 
collapse of the foam. The conclusion was that some effect was clearly taking place but only 
under certain experimental conditions. At the time, it was unclear why this happened; with 
hind sight, it appears likely that there were large variations in the acoustic field within the 
bath, major reflections and refractions that produced signal attenuation.   
 
 
 
 
 
 
 
Figure 98: Sonochemical reactor with ultrasonic transducer attached to the bottom (ultrasonic bath) with 
representation of a standing-wave 
 
The antinodes are points of maximum acoustic energy (i.e. pressure) and the nodes, 
minimum acoustic energy. It is believed that the position of the samples in the bath that 
presented signs of irradiation were the ones located at antinodes (or nearby). Moreover, the 
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frequency was not fixed. Pore size was not predictable, nor could it be correlated to other 
experimental values due to the swept range of frequencies that foams where exposed to. As 
Iida et al. refer [168], the ultrasonic bath gathers bubbles at antinodes due to Bjerness 
forces, mentioned in Chapter 3.  
To try and establish the range of experimental parameters that produced an effect, an 
ultrasonic horn of a single frequency irradiating in a water tank was used, so the location of 
the samples could be related to the mapped wave amplitudes and correlated to any changes 
in the resulting porosity. 
I.2 Determining the amount of catalyst (i.e. water) 
A fixed amount of diisocyanate had to be used throughout this research in order to obtain 
comparable results. In order to identify what would be an appropriate quantity of 
diisocyanate, the nature of the reaction was studied along with the interaction between the 
diisocyanate, limitant reactant, water, catalyst for the reaction, and acetone. Several 
proportions of acetone:monomeric mixture and water:monomeric mixture were tested and 
the following proportions judged optimum for use in all the experiments, due to the reasons 
described below: 40% diisocyanate,  50:50 Acetone:mixture and 20%vol of distilled water 
to ml of diisocyanate solution.  
This formulation minimised the following side-effects, illustrated in Figure 99:  
1. Too large proportion of water created an excess of CO2 gas, which provoked 
foam collapsing as too many bubbles were formed at a non-sustainable rate.  
2. White dust: Once solid, some foams presented a layer of white dust at the bottom 
of the container. This dust was a residual polyurethane emulsion produced by the phase 
inversion of the acetone:polyurethane solution with water. It was formed during the stirring 
phase because of an excess of water [187]. 
  
 
 
 
 
 
 
 
 
 
 
Figure 99: Polymeric foams with an excess of water and acetone (too many bubbles and white dust at the 
bottom) 
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I.3 Working temperature 
It was determined that the peak temperature of the reaction fell in the range 54-56°C. 
Consequently, the working temperature chosen for the water bath was 50°C (i.e. 323K). An 
extreme temperature gradient was undesirable because it could have promoted the 
formation of a large skin thickness in the outer layer of the foam due to reasons covered in 
Chapter 3 (i.e. high rate of condensation for gases and vapours)  
Also, temperatures greater than 50°C caused the acetone to evaporate too fast and caused 
excessive generation of bubbles. This created instabilities due to the change in the 
equilibrium vapour pressure (i.e. evaporated solvent, catalysis and/or steam from the water 
bath would migrate into the bubbles). Furthermore, if the reaction was enhanced by 
temperature, bubbles would appear over-filled by the evaporated species (condensable 
gases). This would interfere with the quantification of the influence of ultrasound as a 
porosity gradation generator because a bubble full of gas (i.e. non-condensable phase, e.g. 
CO2 gas) is preferable for cavitation at low temperatures [168].  
I.4 Stirring procedure 
Once the acetone was added (to degas the reactants from the blowing agents present in the 
commercial mixture), the amount of air was kept fixed and any additional entrance of air 
was avoided to ensure consistent experimental conditions. After preparation, the mixture 
was considered to have dissolved gas in equilibrium (following Henry’s Law, see Chapter 
3). The mixture was kept in a sealed bottle and stirred at low rate until its use. The addition 
of the distilled water (i.e catalyst for the reaction) and stirring was done at a speed of 2 
cycles per second for a total of 70 seconds. The air content in the liquid mixture played an 
important role at the initial stages of the reaction as potential nucleation sites for bubbles. 
Pre-existing microbubbles in the mixture play an important role as seeds for those future 
‘adult’ bubbles when temperature and pressure conditions are favourable to the reaction [69, 
163]. In essence, the role played by the initial dissolved air can be summarised as follows: 
the presence of gas in equilibrium in the liquid mixture aided the nucleation of bubbles that 
would cavitate in resonance with the acoustic field (i.e. stable cavitation, enhanced 
diffusion). If the liquid mixture could not generate any bubbles, or those were of a very 
small size, transient cavitation would collapse the polymeric foam and burn it [69]. 
   
178 
 
Figure 100: Foam with no initial gas dissolved in the monomeric mixture 
There is a direct correlation between the initial concentration of dissolved air in the mixture 
and the average mass of the gas contained in the bubble [119]. If this bubble is too small, it 
will dissolve [117] therefore, no stable cavitation effect occurs but transient cavitation 
(Figure 100).  
I.5 Reaction vessel 
The suitability of polypropylene (PP) as a material for the reaction vessels (used to hold the 
foam inside the water bath) was studied. From the point of view of the reaction, 
polypropylene was inert to reactants and products, chemical reaction and allowed an easy 
de-moulding of the foams as polyurethane does not stick to PP [62].  
The acoustic behaviour of the polypropylene containers was also studied. When sound 
propagates from one medium into another, materials with very different acoustic impedance 
will reflect sound waves. The intensity reflection coefficient is given by the expression 
[154-156]:  
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Where Z1 represents the acoustic impedance of the medium from which sound goes (water, 
Z1=1.48x106 kg/sm2), and Z2, the medium to which sound goes (PP, Z2=2.40x106 kg/sm2). 
When the values for both medium impedances are very similar, the reflection coefficient 
tends to zero. For the water-PP interface, R is 0.0562. When the values for media are very 
different, the reflection coefficient is approximately 1. For the air|water interface (air, 
Z=429 kg/sm2), R is 0.9994. 
Likewise, the intensity transmission coefficient is given by [154-156]: 
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For the water-PP interface, the corresponding value is T=0.9438. When the value for both 
medium impedances is very similar, the reflection coefficient tends to one. When this is 
very different, the reflection coefficient tends to zero. 
Because both impedances are so similar, the material was judged to be appropriate for this 
application. In addition, walls of the bath (impedance of steel is 45.6x106 kg/sm2) were 
covered by absorbent material to minimise reflections from the walls. To enable 
investigation of the effects of “direct” sonication (i.e. not secondary reflections) the cups 
were shielded around 180 degrees of the circumference on the opposite side from the probe 
with an air chamber and corrugated aluminium sheet (7μm). 
I.6 Acoustic field adjustment 
As the experimental hypotheses suggested that acoustic pressure was one of the most 
important properties of ultrasound that could influence bubble formation, the levels of 
acoustic signal strength were kept between a minimum value, high enough to produce local 
bubble growth in the foam; and a maximum, above which bubbles implode due to the 
effects of the transient cavitation.  
While the low acoustic pressure threshold is explored in Chapter 5 (see section 5.5.1), the 
upper limit had to be established by experimental observation. It was detected that when 
sonication pressure was above 40000Pa, conditions favoured the creation of a large number 
of nucleation events, which led in many cases to partial coalescence in some areas (Figure 
101). For acoustic pressures between 35000-40000Pa, ultrasound provoked a degassing 
effect in the samples as the dissolved gas was expelled by the action of the ultrasonic 
agitation producing a more homogeneous matrix of polymer with more, but smaller, pores. 
Therefore, the maximum acoustic pressure applied to the foams was established at 35000Pa 
(this value is the acoustic pressure value measured at the first measurable wavelength 
maximum when the input to the transducer was 150W).  
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Figure 101: Local collapse of bubbles in the polymeric matrix 
Due to the complexity of interaction among neighbouring bubbles, there is not a full 
explanation of the ‘partial collapse’ phenomenon and so the following is based on informed 
speculation. The author believes that the acoustic field experienced by an individual bubble 
was affected by the interference of other bubbles forming and resonating around it. When 
one bubble imploded, the energy released from that implosion affected the bubbles in its 
close vicinity. So, the closest bubble would also implode, due to the shockwave, but that 
wave would also be attenuated within the matrix (every cell acted as an individual scatterer, 
where the wavefront was reflected and/or refracted producing a heating effect and final 
reduction of the signal strength). It is believed that this attenuation prevents a chain reaction 
occurring leading to other distant bubbles collapsing.  
The complete understanding of the progress of an energy wave through a complex matrix of 
growing bubbles is extremely challenging and is beyond the scope of this research work. 
The difficulty lies in the changing of elasticity of the bubbles’ shell with time. Bubbles must 
be elastic enough to take the amount of energy released, otherwise, they will collapse. 
Likewise, if the foam matrix is not elastic enough, the whole body will collapse. If the 
collapsing event takes place at an early stage of the reaction due to shear forces (i.e. low 
viscosity in the mixture assisted by ultrasound), the matrix could recover and evolve into a 
final well formed foam. If not, it might result into an extended coalescence of bubbles and 
total collapse of the foam. 
I.7 Cyclic irradiation  
The irradiation pattern was 2 minutes on/1 minute off for a time frame of 20 minutes. The 
main reason for this irradiation strategy lies in the nature of the polyurethane cross-linking 
reaction. In early stages of the chemical reaction and growth, the polymeric foam was a 
meta-stable system and shear stress caused by ultrasound, along with the convective process 
within the foam, could provoke “sonic saturation” in the sample, accelerating coalescence 
and increasing probabilities for its collapse. The application of ultrasound to these samples 
had to happen during critical parts of the process, and these were the cream time and the 
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rise period (Stage B) and around the ‘gelation point’ (Stage C), periods that underwent 
study. 
Early experimentation showed that continuous ultrasonic exposure throughout the foaming 
process could lead to complete collapse. The 2 minute exposure was sufficient to modify 
foaming process without leading to collapse. 
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APPENDIX II SIMULATION OF THE ACOUSTIC PRESSURE 
DISTRIBUTION 
This appendix compiles further details of the simulations performed for the characterisation 
of the acoustic field inside of the water bath (section 3.2.1, in Chapter 4) and the modelling 
of the sound pressure levels at which the polymeric mass in the containers were subjected to 
(section 5.3, in Chapter 5). The software package used for the simulations was COMSOL 
Multiphysics version 3.3a.  
II.1 Time-harmonic analysis 
For calculation of the acoustic pressure distribution, the wave equation is solved. In this 
case, as the coupling agent is water, the shear stress is neglected, and the wave propagation 
is linear. Therefore, the wave equation is expressed in terms of pressure (p), density of the 
fluid (ρ0) and speed of sound (c) as:  
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Equation 48: General wave equation 
The solving option for the pressure was set to time harmonic and, as the pressure variation 
in time is p=p0.e(iωt), the wave equation for acoustic waves reduces to the Helmholtz 
equation, where the angular frequency (ω=2πf) is introduced as another variable:  
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Equation 49: Helmholtz equation 
II.2 Boundary conditions 
Following the sensitivity of the modelled rig analysis in Chapter 4, section 4.3.2.1, the 
decisions adopted for the bath simulation in Chapter 5, section 5.5.3, are as follows: the 
water bath walls were set at an impedance corresponding to that of the steel (Z=45.6 
MRayl) and the water|air interface was simulated as a ‘hard’ wall (i.e. 100% reflective 
boundary). The radiation condition for the ultrasonic probe was set to cylindrical at each of 
the values required for each individual simulation.  
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II.3 Scalar variables 
The pressure reference for the model was set at 20x10-6Pa for all the simulations and the 
excitation frequency was 20, 25 or 30 kHz, depending on the simulation series.  
II.4 Mesh generation 
In order to perform the finite element analysis, the domain (i.e. water bath) had to be 
decomposed into tetrahedrons (Figure 102). This decomposition was automatically 
achieved by using the available grid generation tools, which discretised the domain using 
the quadratic Lagrange elements.  
For the model presented in Figure 102, the number of tetrahedral elements was set to 6030, 
which left 1284 mesh points and 8960 degrees of freedom to solve.  
 
Figure 102: Scheme of the mesh used for the simulations 
II.5 Solver settings: time stepping 
The model was tested in order to identify the necessary time frame to reach steady state in 
the simulated conditions. For the water bath simulation model, it was set to 10s. The time 
stepping for the solving protocol was set to 0.5s and the relative tolerance (i.e. error for the 
time stepping) was 0.01s. For solving the containers simulation model, the method was set 
to 1s for the steady state, with a 0.1s stepping and a tolerance of 0.01s.  
The solving method processed the model, whose solution was represented in 3D isolines of 
acoustic pressure (Figure 103) 
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Figure 103: Resultant water bath after processing the simulated conditions 
 
II.6 Post-processing of results 
 
The study on the sensitivity of the modelled rig has been presented in Chapter 4, section 
4.3.2.1. The following section offers the possibility to present more defining planes and 
cross-sections for both the water bath and the vessels containing the foaming polymeric 
mixture that was subject to irradiation.  
By using the pressure reference as 20x10-6Pa, the acoustic profiles were, in some cases, 
post-processed in order to obtain the sound pressure value, defined as in equation (44):  
⎟⎟⎠
⎞
⎜⎜⎝
⎛⋅=
0
10log20)( P
PdBL RMSp              (44) 
Equation (44): Sound level pressure, in dB 
 
 
II.6.1 Subdomain: empty water bath 
 
Acoustic pressure distributions could be extracted from the solved model (Figure 103). 
Figure 104 (a and b) presents two examples of views, plan and lateral view, respectively.  
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Figure 104: Different views of the simulated acoustic environment in the water bath 
 
Planes were extracted across the bath in the x and y directions, using the same z coordinate 
(i.e. aligned to the sonotrode’s tip plane).  
  
(a) Plot of acoustic pressure across the bath, y=[0, 
30cm] 
(b) Plot of acoustic pressure across the bath, x=[0, 
15cm] 
Figure 105: Plots of acoustic pressure inside the water bath 
 
II.6.2 Subdomain: water bath with immersed vessels 
 
The following figures (Figure 106) present a series of water baths that have a vessel 
immersed at different distances from the probe. The sonotrode irradiated at 20 kHz and 
18000Pa in a ‘cylindrical’ soundwave shape. 
 
(a) Plan view (b) Lateral view 
Probe 
Propagation 
direction
Probe 
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(a) Vessel at 3.7cm from probe (b) Vessel at 7.4cm from probe 
(c) Vessel at 8.6cm from probe (d) Vessel at 11.1cm from probe 
Figure 106: Simulated water baths with immersed vessels at different distances 
 
The mid-plane cross-sections can be found in Figure 86. 
Plots for the acoustic distribution in the water bath when the vessel is immersed at different 
distances from the probe are presented in Figure 107. 
(a) Acoustic pressure plot from vessel at 3.7cm 
from probe 
(b) Acoustic pressure plot from vessel at 7.4cm 
from probe 
Propagation 
direction 
Propagation 
direction 
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(c) Acoustic pressure plot from vessel at 8.6cm 
from probe 
(d) Acoustic pressure plot from vessel at 11.1cm 
from probe 
Figure 107: Acoustic pressure plots from simulated water baths with immersed vessels at different 
distances 
 
II.6.3 Subdomain: irradiated vessel 
 
In order to couple the acoustic field in the water bath to that ‘seen’ by the polymeric foams 
inside of the containers, the boundary conditions for the vessels must be set (i.e. the 
acoustic impedance of the polypropylene container). On the outer perimeter of the 
container, an incident cylindrical wave was specified to represent an incoming sound wave 
with the same characteristics than that travelling across the water bath for a given distance 
from the probe.    
The acoustic pressure distribution for the vessels irradiated at 20kHz were presented in 
Chapter 5, section 5.5.3. In the following, figures of the vessels irradiated at 25kHz (Figure 
108) and 30kHz (Figure 111) are presented.  
(a) Vessel at 2.95cm from probe (b) Vessel at 5.90cm from probe 
Propagation 
direction 
Propagation 
direction 
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(c) Vessel at 6.35cm from probe (d) Vessel at 8.85cm from probe 
Figure 108: Vessels irradiated in the bath at 25kHz and 12000Pa 
For the model presented in Figure 108, the number of tetrahedral elements in the mesh was 
set to 13571. The method solved for 19928 degrees of freedom in 495.75s (in average). 
The sections presented in Figure 109 were extracted from the vessels in Figure 108 using a 
vertical plane aligned to the acoustic wave that is received by the containers immersed in 
the acoustic field.   
(a) Cross-section in vessel at 2.95cm from probe (b) Cross-section in vessel at 5.90cm from probe 
(c) Cross-section in vessel at 6.35cm from probe (d) Cross-section in vessel at 8.85cm from probe 
Figure 109: Cross-sections from vessels irradiated at 25kHz and 12000Pa 
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The sound pressure level at a plane aligned with the ultrasonic probe was extracted. This 
data was used in Chapter 5, section 5.5.3 to establish a comparison between final porosity in 
the sample and the acoustic magnitude that the foam had been subjected to during its 
formation in the water bath. Some examples extracted from vessels that were irradiated at 
25 kHz in the simulation, are presented below. 
 
(a.1) Irradiated medium approximated to water 
(Z=1.48MRayl) 
(a.2) Irradiated medium approximated to bone 
(Z=2.6MRayl) 
(a) Plot of the cross-section in vessel at 2.95cm from probe 
 
(b.1) Irradiated medium approximated to water 
(Z=1.48MRayl) 
(b.2) Irradiated medium approximated to bone 
(Z=2.6MRayl) 
(b) Plot of the cross-section in vessel at 6.35cm from probe 
Figure 110: Sound pressure level plots from vessels irradiated at 25kHz and 12000Pa 
 
In the same way, vessels irradiated at 30 kHz and 8900Pa placed at different locations in the 
bath were analysed. The acoustic pressure distribution in each of the vessels is presented 
below (Figure 111). For solving the model, the simulator generated a grid with 13571 
elements. The method solved for 19928 degrees of freedom in an averaged solution time of 
509.453s. 
Propagation 
direction 
Propagation 
direction 
Propagation 
direction 
Propagation 
direction 
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(a) Vessel at 2.45cm from probe (b) Vessel at 4.90cm from probe 
 
(c) Vessel at 7.35cm from probe 
Figure 111: Vessels irradiated in the bath at 30kHz and 8900Pa 
 
 
The correspondent cross-sections on a vertical plane aligned to the irradiated soundwave 
from the sonotrode are presented below Figure 112. 
(a) Cross-section in vessel at 2.45cm from probe (b) Cross-section in vessel at 4.90cm from probe 
   
191 
 
(c) Cross-section in vessel at 7.35cm from probe 
Figure 112: Cross-sections from vessels irradiated at 30kHz and 8900Pa 
The sound pressure level at a plane aligned with the ultrasonic probe was extracted from 
each one of Figure 112.  The plots are presented below in Figure 113. 
(a.1) Irradiated medium approximated to water 
(Z=1.48MRayl) 
(a.2) Irradiated medium approximated to bone 
(Z=2.6MRayl) 
(a) Plot of the cross-section in vessel at 2.45cm from probe 
(b.1) Irradiated medium approximated to water 
(Z=1.48MRayl) 
(b.2) Irradiated medium approximated to bone 
(Z=2.6MRayl) 
(b) Plot of the cross-section in vessel at 7.35cm from probe 
Figure 113: Sound pressure level plots from vessels irradiated at 30kHz and 8900Pa 
Propagation 
direction Propagation direction 
Propagation 
direction 
Propagation 
direction 
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APPENDIX III  MICROTOMOGRAPHY SCAN 
This appendix shows the detailed parameters for the set-up for the micro computer 
tomography scanning carried out on some of the sonicated and non-sonicated foam samples.  
1. Acquisition Geometry: 
 
Distance from source to detector      = 635.900024mm. 
Distance from source to rotation axis = 159.490997mm. 
Pixel width  = 0.200000mm. 
Pixel height = 0.200000mm. 
First pixel is at (-199.900003, 0.000000) mm. 
Number of pixels is 2000 by 1780. 
Number of projection images = 2661. 
Angular increment = -0.135290 degrees. 
Initial angle = 0.000000 degrees. 
  
2. Filter: 
 
A ramp filter was used. 
Cut-off frequency = 100.000001 percent of maximum. 
  
3. Reconstructed Volume: 
 
Number of voxels = 942 by 942 by 838. 
Voxel size = 0.106573mm by 0.106573mm by 0.106573mm. 
X-range = -50.195883mm to 50.195883mm. 
Y-range = 50.195883mm to -50.195883mm. 
Z-range = -44.654087mm to 44.654087mm. 
Centre of rotation offsets: top = 0.000000 pixels, bottom = 0.000000 pixels. 
 
4. Others 
 
Fast viewing enabled. 
 
 
 
Figure 114: μ-CT image of two sonicated foams
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